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Abstract 
Growing interest in renewable energies due to shrinking reserves of fossil fuels and climate 
change concerns have led to extensive research towards gaseous and liquid fuels production 
from renewable energy resources such as biomass and wastes. Energy generation from 
municipal and industrial wastes such as wastewater sludge is also environmental friendly 
way to deal with large volume of waste disposal with the additional advantage of eliminating 
part of the indirect greenhouse gas emissions from energy crops-derived biofuels.  
In this thesis, a novel process for co-production of biogas and bio-crude oil from high-water-
content wastewater sludge through hydrothermal liquefaction (HTL) treatments is developed. 
Hydrothermal liquefaction is a thermochemical process where raw sludge can be heat treated 
directly in the absence of oxygen and in the presence of water as the reaction medium mostly 
in subcritical or near critical conditions (T < 374 oC and P < 22.1 MPa). This eliminates the 
need to dewater/dry biomass which can be a major energy input for biofuel production via 
other processes such as pyrolysis or gasification. Since hydrothermal liquefaction is a 
promising technology for conversion of high-water-content biomass without the need of 
costly sludge dewatering, it could replace the conventional sludge treatment by making 
valuable energy products out of a waste material. 
Wastewater sludge was treated by two scenarios, operating at temperatures in a lower range 
(40-80 oC) and a higher range (200-350 oC), respectively. The low-temperature treatment was 
considered as sludge pre-treatment before anaerobic digestion, aiming to examine the 
possible relationship between increased solubilisation of the sludge as a result of the pre-
treatment and its digestibility for biogas production. The high-temperature treatment scenario 
was performed to produce value-added products such as bio-crude oil from co-processing of 
wastewater sludge (more than 90% water content) with another type of lignocellulosic 
biomass to adjust substrate concentration to a higher level with better economics of the 
process, and to increase the bio-oil yield and quality. The main by-product from the high-
temperature process (water-soluble product) was used as a potential feedstock for biogas 
production through anaerobic digestion. 
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Chapter 1  
 
1 General Introduction 
The main objective of this PhD project was to investigate and develop a novel waste 
biomass processing technology for energy recovery from high-water-content wastewater 
sludge in the form of bio-crude oil and biogas through hydrothermal liquefaction (HTL) 
treatment. 
1.1 Background 
Renewable energy has attracted increasing interest due to the worldwide rising demand 
for primary energy and the shrinking reserves of fossil fuels as well as the growing 
concerns on climate change and greenhouse gas emission. Biofuels are sustainable 
alternative to fossil fuels, broadly defined as solid, gaseous or liquid fuels produced from 
bio-renewable resources, i.e., biomass.1 
Biomass resources mainly include wood and forestry residuesby-products (sawdust, 
bark, tree tops, lignin), agricultural crops and crop residues (wheat/rice straws, corn 
stover), marine products, municipal solid wastes (MSW), wastewater sludge, and waste 
streams from animal farms (manure) and food processing.2–4 Biomass has a lower energy 
density based on either volume or mass, e.g., its HHV (dry basis) is only 15-20 MJkg, 
compared to 30 and 40 MJkg for coal and petroleum, respectively. Thus, a proper 
conversion method is required to densify biomass into gaseous or liquid bio-fuels. Based 
on the production technologies, the produced bio-fuels can be classified into three 
generations. First generation bio-fuels are produced by conversion of food crops (sugar, 
starch and vegetable oils), such as bioalcohols and biodiesel; Second generation bio-fuels 
are produced from non-food biomass such as agroforestry residues. Some examples of 
second-generation bio-fuels are bio-oil, bio dimethylfuran (bio-DMF), bio-hydrogen and 
bio-Fischer-Tropsch diesel. Third generation bio-fuels are derived mainly from algae.5,6 
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The two main types of technologies for conversion of biomass to bio-fuels and chemicals 
are biochemical and thermochemical processes. Biological conversion refers mainly to 
fermentation of carbohydrate materials into bio-ethanol and biogas.4,7,8 Thermochemical 
conversions mainly include combustion, gasification, pyrolysis and hydrothermal 
liquefaction. The above mentioned biomass conversion methods and their products are 
illustrated in Figure1.1. 
 
 
Figure  1.1: Biomass conversion methods 7,8  
 
Biogas and bio-oil are the two typical biofuels produced from biochemical and 
thermochemical conversions. Biogas is a mixture of mostly methane and carbon dioxide 
with traces amounts of other gases and is considered as a valuable renewable energy 
source. Biogas can more or less be used in all applications that have been developed for 
natural gas.9 For example, biogas can be used for production of heat and steam, 
electricity generation/co-generation, as vehicle fuel, and production of chemicals.9 Biogas 
is most commonly produced by anaerobic digestion (AD) of organic materials, a slow 
biological process (requiring a residence time of 10-20 days) consisting of four stages, 
i.e., hydrolysis, acidogenesis, acetogenesis and methanogenesis.10 Bio-crude oils or 
simply bio-crude or bio-oils are typical biofuels from biomass thermochemical 
conversion. Bio-oils have been considered as the promising alternatives to petroleum 
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fuels for power or heat generation and extraction of valuable chemicals.11 Bio-oils can be 
produced by two main routes: pyrolysis or hydrothermal liquefaction (HTL). The former 
route operates at a high temperature under atmospheric or reduced pressure using dry 
feedstock (thus it might require costly de-watering/drying processes), while the latter 
operates at a mild temperature (200-400C) but elevated pressure in water or water-
containing solvent, where high-water-content feedstocks can be used directly. Thus, HTL 
has attracted an increasing interest due to its mild operating conditions and its suitability 
for conversion of high-water-content feedstocks such as wastewater sludge. 
1.1.1 Hydrothermal Liquefaction (HTL) 
Hydrothermal liquefaction (HTL) is a thermochemical process where high water-content 
materials are liquefied hydrothermally and directly. This process normally operates at 
higher pressure (5-20 MPa) and a mild temperature (< 400 oC) compared to pyrolysis 
which operates at mild pressure (0.1-0.5 MPa) and high temperatures (> 500 oC).4,11,12 
Pyrolysis involves decomposition of organic materials by heat in the absence of 
oxygen.11 Fast pyrolysis (rapid heating of dry biomass in the absence of oxygen) is so far 
the only industrially realized technology for the production of bio-oil. The feedstock for 
pyrolysis must be relatively dry which limits its application for naturally wet materials 
and various waste streams that contain up to 90% water. The drying process is energy-
intensive, and hence it could be very costly. 
The main advantage of HTL over pyrolysis is that it utilizes water as a solvent, mostly in 
subcritical or near critical conditions (T < 374 oC and P < 22.1 MPa), making it a 
promising conversion method for high-water-content biomass as it eliminates the need of 
the costly de-watering/drying process. The main products of HTL are bio-oil, water-
soluble products (WSP), char, and gas. HTL has the potential to produce bio-oils with 
much higher heating values (30-35 MJkg) since the produced oils have a lower oxygen 
content (10-20%) and water content (around 5%) compared to pyrolysis oils.13 
1.1.2 Wastewater Sludge Management 
Wastewater sludge is the main waste from wastewater treatment, containing high 
percentage of water (> 90% on wet mass basis). The U.S. is currently producing 6.9 
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million dry tons of sewage sludge annually and Canada produces more than 0.66 million 
dry tones (2.5 million wet tones) of biosolids and sludges per year.14,15 The City of 
London operates six Wastewater Treatment Plants namely: Greenway, Pottersburg, 
Vauxhall, Adelaide, Oxford and Lambeth (Southland). The average daily flow through all 
the treatment plants is approximately 209,000 cubic metres per day based on data on 
2013.16 The treatment plants and their capacities are listed in Table 1.1. 
 
Table  1.1: City of London wastewater treatment plants and their average sludge 
disposal capacity based on 2013 data 16 
Pollution Control Plant Capacity (m3/d) Actual Flow (m3/d) Average Sludge Produced (m3/d) 1
Adelaide 36,400 25,800 325 
Greenway 152,175 129,900 1,180 
Oxford 17,250 9,900 101 
Pottersburg 39,100 27,000 216 
Southland 564 286 1 
Vauxhall 20,900 15,800 111 
1 Normalized to 3% solids 
 
Sludge management is one of the most difficult and challenging tasks of wastewater 
treatment plants due to its high water content and poor dewaterability, and strict 
regulation for sludge reuse or disposal. Sludge management can cost as high as 60% of 
the total cost for a wastewater treatment plant.17 In Canada, the use or disposal of the 
sludge is regulated by the provincial government and thus there are major differences 
between the methods used to manage biosolids from one province to another.18 In the 
City of London the sludge from the Oxford, Adelaide, Pottersburg, Lambeth and 
Vauxhall Plants is hauled by tanker truck to the Greenway Wastewater Control Centre 
where it is mixed with the Greenway sludge in holding tanks. The sludge from these 
tanks is then pumped to centrifuges where it is mixed with a polymer and dewatered. 
After the sludge has been dewatered, it is pumped to the fluid-bed incinerator or treated 
in the Bioset process and trucked to the Landfill. The ash produced from the burning of 
the sludge is disposed of at the Landfill site or reused at a cement company.16 
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The main objective of sludge management is to reduce the volume and remove its 
pathogens. Conventionally sludge is disposed by three main approaches: land 
applications as soil conditioner, landfill disposal and incineration.10,12,17 Sludge should be 
first dewatered to 20-40 wt% solids to meet the requirements of landfill or incineration, 
which is costly. There is also a large energy loss in evaporating the water content of the 
sludge during combustion or incineration. Landfill sludge has undesirable secondary 
emissions to water, air and soil. For instance, heavy metals in the sludge can contaminate 
soil if sludge is used as soil conditioner.19 Previously Ontario regulations allowed 
untreated septage to be land applied under a Certificate of Approval. However, as of 
January 1, 2011, only treated septage may be applied to agricultural land under the 
General Nutrient Management Regulation as a nutrient.20 
1.1.3 Energy Recovery from Sludge 
Nowadays one of the primary goals of wastewater treatment plants is to develop more 
environmentally friendly processes to reduce the volume of sludge for disposal and to 
convert sludge into bio-energy. This has shifted the view to sewage sludge from a waste 
to be treated and disposed of, to a renewable resource for energy recovery. It is expected 
that the upcoming sludge management efforts will concentrate on the recovery and reuse 
of value added products from sludge.10 The incoming wastewater to a treatment facility 
may be regarded as a source of renewable resources. The main components of the sludge 
that are technically and economically feasible to recover are nutrients (primary nitrogen 
and phosphorous), and energy (organic carbon compounds).10,18 The energy recovery of 
the sludge generally includes the conversion of the sludge into biogas, syngas and bio-oil 
which can be further converted into electricity, mechanical energy and heat. In the next 
chapter an overview of the energy recovery from the sludge in the forms of biogas and 
bio-oil will be conducted. 
1.2 Research Approaches and Methodology 
As discussed above, it is essential to find alternative and renewable resources to replace 
petroleum for the production of energy, fuels and chemicals. Although many types of 
biomass have been successfully used for energy and fuels production, using high water-
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content waste and residual biomass such as sewage sludge as a renewable resource for 
energy and fuels production is an economical and environmental friendly way to treat the 
waste. Sludge is a waste stream and is available at large amounts with a low or no cost. 
Using sludge for energy production has an additional benefit of pathogen reduction to 
meet the stringent regulation on sludge land applications. 
Since hydrothermal liquefaction is a promising technology for conversion of high-water-
content biomass such as wastewater sludge without the need of costly sludge dewatering, 
it could replace the conventional sludge treatment by making valuable energy products 
out of a waste material. The HTL bio-oil can be a liquid bio-fuel for heat generation, 
which could potentially make the HTL process energy self-sufficient. Bio-oil can also be 
upgraded into advanced bio-fuels via hydrotreatment.  
In this PhD project, wastewater sludge was treated by two HTL scenarios, operating at 
temperatures in a lower range (40-80 oC) and a higher range (200-350 oC), respectively. 
The low-temperature treatment was considered as sludge pre-treatment before AD, 
aiming to examine the possible relationship between increased solubilisation of the 
sludge as a result of the pre-treatment and its digestibility for bio-gas production. Low 
temperatures were selected for this pre-treatment stage in order to avoid chemical 
degradation of the sludge materials during the pre-treatment. The high-temperature 
treatment scenario was performed to produce value-added products such as bio-oil from 
co-processing of wastewater sludge (more than 90% water content) with another type of 
lignocellulosic biomass to adjust substrate concentration to a higher level with better 
economics of the process, and to increase the bio-oil yield and quality. The produced bio-
oil and the by-product, biochar, can be used as sources for heat generation in future 
scaling up of the process. The bio-oil can after upgrading also be used as a liquid 
transportation fuel. The high-temperature HTL process was also performed in a 
continuous-flow reactor designed and constructed in the author's group lab. The main by-
product from the high-temperature process (WSP) was also investigated as a potential 
feedstock for biogas production by AD through BMP tests. 
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The experiments were conducted in batch and continuous flow reactors. Figures 1.2 to 
1.4 show the pictures and schematic diagrams of the reactors used. The batch reactors are 
a 100 mL and 500 mL stirred reactors (Parr 4590 and 4570 Micro Bench top reactor), 
equipped with a mixer (M), heater, thermocouple, temperature controller and pressure 
gage (PG). In each experiment, the reactor was filled with feedstock materials, purged 
and pressurized with nitrogen and heated to the desired temperature. The continuous flow 
reactor was designed and constructed for this research. The main parts of the system 
include a 5/8-inch SS316L tubular reactor, two piston feeders, feed tank, HPLC pump, 
electric pre-heater and heater, cooler, gas-liquid separation vessels and back pressure 
regulator. 
The products were separated using the separation method shown in Figure 1.5. Typical 
analyses include: thermal gravimetric analysis (TGA), Fourier transform infrared 
spectrometer (FT-IR), gas chromatograph-mass spectrometer (GC-MS), gas 
chromatograph equipped with a thermal conductivity detector (GC-TCD), inductively 
coupled plasma (ICP-AES), total organic carbon (TOC), elemental analysis (CHNS), 
chemical oxygen demand (COD), proteins and carbohydrates measurement, total and 
volatile solids (TS/VS), and total and volatile suspended solids (TSS/VSS). 
 
  
Figure  1.2: Schematic diagram and photo of the 100 and 500 mL batch reactor 
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Figure  1.3: Picture of the continuous flow reactor 
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Figure  1.4: Schematic diagram of the continuous flow reactor 
 
 
Figure  1.5: Separation procedure for collection of HTL products 
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1.3 Thesis Overview 
Chapter 1 provides a general introduction to the importance of replacing fossil fuels with 
biomass-derived fuels, introduction of the two important types of biofuels, namely biogas 
and bio-oil, the common methods for production of biogas and bio-oil, introduction to the 
wastewater sludge and its conventional disposal methods and highlighting the role of 
hydrothermal liquefaction as an alternative method for sludge management. The research 
objectives, approach and methodology and thesis structure are also outlined. 
Chapter 2 presents a detailed overview of the available literature on the production of 
bio-oil and biogas. The reaction pathway during HTL, effects of different operating 
parameters such as reaction temperature, retention time, presence of catalyst and water to 
biomass ratio are also discussed. The HTL processes in pilot or demonstration scale are 
introduced. AD process and available pre-treatments for enhancing the rate and amount 
of biogas production are also introduced. 
Chapter 3 presents results of a study on the effects of low temperature thermal 
treatments (40-80 oC) on solubilisation of sludge and the subsequent AD process for 
biogas production. Experimental design study was performed to find the optimum 
operating conditions such as temperature, time of treatment and pH of the sludge for the 
maximum solubilisation. The digestibility of the samples was evaluated through BMP 
tests. 
Chapter 4 details the catalyst screening and investigation of the effects of different 
homogeneous and heterogeneous alkaline catalysts on high-temperature HTL of a model 
biomass (sawdust). The effects of different catalysts on characteristics of the produced 
bio-oil were also studied. Catalysts resulting in a higher yield of bio-oil were selected for 
the rest of the study. 
Chapter 5 focuses on finding the optimum operating conditions for bio-oil production 
from the high temperature HTL process using a mixture of sludge and sawdust as a co-
feed. The experimental conditions such as temperature, retention time and initial solids 
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concentration were optimized using experimental design methodology. The best catalyst 
found in Chapter 4 was used for this part of work. 
Chapter 6 describes the effects of adding different types of lignocellulosic biomass to 
the sludge at the optimum operating conditions determined in Chapter 5 using the catalyst 
from Chapter 4. Effects of biomass type on products distribution and bio-oil 
characteristics were examined. 
Chapter 7 presents preliminary results of the high temperature HTL of sludge in the 
continuous-flow reactor using mixture of ethanol and water as a reaction medium. The 
results are compared with those from the operations at the same conditions in batch 
mode. Effects of increasing solid concentration by using co-feed in the flow reactor were 
also investigated. Mass and energy balance of the process was performed by simulating 
the process using Aspen Plus software. 
Chapter 8 presents the main conclusions obtained from the present research and suggests 
future work. 
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Chapter 2 	
 
2 Literature Review 
In this chapter, methods for energy recovery from wastewater sludge in the forms of bio-
oil and biogas are reviewed. An overview of different sludge types and the common 
methods for measuring their characteristics, bio-oil production from sludge through 
hydrothermal treatments are discussed in this chapter. HTL reaction pathways and the 
effects of various operating parameters such as reaction temperature and time, presence 
of a catalyst, feedstock type, water to biomass ratio as well as water at sub-/super-critical 
conditions are discussed. In addition, some available HTL processes in pilot or 
demonstration scales are introduced. Then, biogas production from sludge through AD is 
reviewed and effects of various pre-treatment methods such as chemical, thermal, 
thermochemical and mechanical treatments on the AD performance and the final biogas 
yield are discussed. Furthermore, the established and emerging technologies for each pre-
treatment are introduced. 
2.1 Wastewater Sludge 
Sewage sludge is generally the solid residue from the wastewater stream and can be 
produced in two steps during the treatment of the effluent. Primary sludge is generated 
during the removal of insoluble matters such as grit, grease, and scum from wastewater 
by screening followed by coagulation and sedimentation.1 The settled primary sludge 
contains mainly water (between 97% and 99%) and highly putrescible organic matters.2 
The secondary sludge or waste activated sludge (WAS) is generated as a result of 
biological treatment of the effluent from primary treatment rich with dissolved organic 
matter, and it consists of a complex activated sludge floc structure. Generally, sludge is a 
mixture of organic or volatile matters (such as proteins, carbohydrates and lipids), 
inorganic matters and associated water.3 Typical characteristics of the two different 
sludge types are listed in Table 2.1. As shown in Table 2.1, primary sludge typically has 
higher percentage of total solids (TS) compared to the activated sludge. The two types of 
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sludge contain resources such as nitrogen (1.5-4 % for primary and 2.4-5 % for activated 
sludge) and phosphorous (0.17-0.6 for primary and 0.6-2.3% for activated sludge) which 
could be recovered and used as fertilizers or soil conditioners. According to Table 2.1, 
primary sludge usually has higher energy content because it is captured via gravity and 
therefore its energy content has not yet been consumed, while during the secondary 
treatment the microorganisms have consumed most of their energy content leaving 
behind mainly inert biomass. 
 
Table  2.1: Characteristics of primary and secondary sludge, Reprinted with 
permission from Ref. 4 Copyright (1999) John Wiley and Sons 
Item Primary Sludge Activated Sludge 
Total dry solids (TS), % 2.0-8.0 0.83-1.16 
Volatile solids (% of TS) 60-80 59-88 
Grease at fats (% of TS) 13-65 5-12 
Protein (% of TS) 20-30 32-41 
Nitrogen (N, % of TS) 1.5-4 2.4-5 
Phosphorous (P, % of TS) 0.17-0.6 0.6-2.3 
Potash (K, % of TS) 0-0.41 0.2-0.29 
Cellulose (% of TS) 8.0-15.0 - 
Iron (Fe, g kg-1) 2-4 - 
Silica (SiO2, % of TS) 15-20 - 
pH 5.0-8.0 6.5-8.0 
Alkalinity (mg dm-3 as CaCO3) 500-1500 580-1100 
Organic acids (mg dm-3 as acetate) 200-2000 1100-1700 
Energy content (MJ kg-1) 23.2-29 18.6-23.2 
 
The biological processes such as activated sludge treatment depend on the dissolved 
organic strength or organic load for different wastewater treatment plants, which are 
determined by three types of analytical measurements. The total organic carbon (TOC), 
measured by combustion at very high temperatures and calculated by the resultant CO2 
includes both dissolved biodegradable and recalcitrant organic compounds that cannot be 
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broken down biologically.5 Biological oxygen demand (BOD) is the total amount of 
biodegradable organics, measured by the oxygen uptake over a 5-day period by a small 
‘seed’ of bacteria confined in a dark bottle containing the wastewater. During this time 
the biodegradable organic carbon is taken up with a corresponding decrease in the 
dissolved oxygen.5 Chemical oxygen demand (COD) is the total amount of oxidizable 
organics (biodegradable and non-biodegradable, and both dissolved and particulate), 
measured by the amount of oxygen in the form of oxidizing agent required for the 
oxidation of organic matters by heating the sample in strong sulphuric acid containing 
potassium dichromate.5 The relationships between the organic carbon fractions are shown 
in Figure 2.1. 
 
 
Figure  2.1: Relationships between TOC, COD and BOD 5 
 
Other important measurable parameters in wastewater sludge are the amount of total and 
organic solids. Solids in the sludge can be divided into three sections based on their 
particles sizes: dissolved solids, defined as the solids with particle diameters less than 
0.45 µm; suspended solids, with a particle diameter larger than 1.2 µm; and solid fraction 
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with particle size between dissolved and suspended fractions, defined as colloidal solids 
that can be settled by adding chemicals. The relationship between different solid fractions 
is shown in Figure 2.2. 
 
 
Figure  2.2: Solids classification in sludge 
 
2.2 Energy Recovery from Sludge 
One of the primary goals of wastewater treatment plants is to achieve a lower carbon 
footprint by developing environmentally friendly processes to reduce the volume of 
sludge for disposal and/or convert sludge into bio-energy. This has shifted the current 
view on sewage sludge from a waste to be treated and disposed of, to a renewable 
resource for energy recovery. The potential for energy recovery from a sludge is a 
function of its composition and its energy content, depending mainly on the content of 
volatile solids that can be subdivided into readily degradable organics (approx. 50% in 
primary sludge and 25% in WAS) and not-readily degradable organics (approx. 30% in 
primary sludge and 55% in WAS).3 
Currently, there are several options for energy recovery from sludge, of which the most 
important ones are: sludge to biogas and sludge to bio-oil processes. This review chapter 
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provides an overview of current research on production of bio-oils and biogas from waste 
materials, while focusing on the current technologies for energy recovery from sludge 
based on hydrothermal treatments. 
2.3 Bio-Oil Production from Sludge through HTL 
2.3.1 HTL Reaction Pathways 
Hydrothermal liquefaction (HTL) is one of the promising techniques for conversion of 
biomass, in particular wet biomass, into bio-fuels. This process operates at high pressure 
(5-20 MPa) and relatively low temperature (< 400oC) and uses water as the main solvent, 
mostly in subcritical or near critical conditions (the critical point of water being T = 374 
oC and P = 22.1 MPa).6–8 The characteristics of subcritical water, as listed in Table 2.2, 
play important roles in hydrothermal liquefaction of biomass. 
 
Table  2.2: Water properties at ambient and subcritical conditions, Reprinted with 
from Ref. 9 Copyright (2011), with permission from Elsevier 
 Ambient Water Subcritical Water 
Temperature (oC) 25 250 350 
Pressure (MPa) 0.1 5 25 
Density (g/cm3) 1 0.8 0.6 
Dielectric constant (F.m-1) 78.5 27.1 14.07 
Ionic product (Kw) 1014 1011.2 1012 
Heat capacity (kJkg-1K-1) 4.22 4.86 10.1 
Dynamic viscosity (mPas) 0.89 0.11 0.064 
 
Subcritical water behaves differently from water at ambient conditions. As temperature 
and pressure of water increase in the reactor, viscosity and dielectric constant of water 
decrease significantly which enhances its solubility for organic compounds.9 Table 2.2 
shows the characteristics of subcritical water in comparison to those at ambient 
conditions. The ionic product of subcritical water (ܭௐ ൌ ሾܪାሿሾܱܪିሿ) is much higher 
than that at ambient temperature and pressure.10 When ionic product increases, more H+ 
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and OH- will be released in water, which promotes the acid or base-catalyzed reactions 
such as hydrolysis of cellulose, hemi-cellulose and lignin.9 
During hydrothermal liquefaction, biomass is subjected to a series of complicated 
reactions. The basic reaction mechanism proposed by researchers can be summarized as 
follows (Figure 2.3):9,11,12 
1) Biomass hydrolysis and depolymerization to monomers and unit structure; 
2) Decomposition/degradation of the produced monomers (thermally and chemically) to 
form intermediates through reactions of dehydration, dehydrogenation, deoxygenation, 
cleavage, deamination, decarboxylation, cracking/fragmentation, etc.;  
3) Removal of oxygen containing functional groups in presence of hydrogen (if hydrogen 
is present); 
4) Rearrangement of the reactive fragments/intermediates through re-polymerization, 
condensation and cyclization to form products. 
 
 
Figure  2.3: HTL reaction pathway 
 
Biomass consists of different components such as carbohydrates, lignin, proteins and 
lipids. Each of these components when subject to hydrothermal conditions can undergo 
different conversion pathways, as briefly described below. 
Cellulose, hemicellulose and starch are the most common carbohydrates in biomass. 
Carbohydrates are mostly found in plant biomass. In HTL, biomass is exposed to water at 
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elevated temperature and pressure. Cellulose and hemicellulose will be hydrolyzed into 
glucose and other saccharides by hot-compressed or subcritical water.13 
Cellulose is normally the largest fraction of plant biomass (40-50 wt%) followed by 
hemicellulose and lignin.14,15 It is a linear polysaccharide with an average molecular 
weight of around 100,000 gmol made of D-glucose units and with crystalline structure, 
making it water insoluble, however subcritical water with high ionic product can break its 
crystallinity. Decomposition of cellulose increases with increasing temperature. Starch is 
also a polysaccharide consisting of glucose monomers. It is hydrolysed much faster than 
cellulose, and can be completely hydrolysed at temperatures above 180 oC.16 
Hemicellulose makes up 20-40 % of plant biomass.13–15 It is a branched polymer with an 
average molecular weight of < 30,000 g/mol with non-crystalline and random structure, 
which makes it easily hydrolysable.9 In hydrothermal processing, hemicellulose is 
hydrolysed easily at temperatures above 180 oC. At 220 oC hemicelluloses could 
completely dissolve in water. Hydrolysis of hemicelluloses produces a mixture of 
polysaccharides composed mainly of five-carbon (xylose and arabinose) and six-carbon 
sugars (glucose, galactose and mannose), as well as formic/acetic acid, pyran derivatives 
and aldehydes.16 
Lignin is a high molecular weight aromatic heteropolymer with chemical formulas 
C9H10O2, C10H12O3 and C11H14O4. It consists of P-hydroxyphenylpropanoid units, which 
are held together with C-C or C-O-C (mainly -O-4) ether bonds. Lignin is commonly 
associated with hemicellulose both physically and chemically through covalent bonds.13 
It is relatively resistant to chemical or enzymatic degradation, however in hydrothermal 
processing many phenol and methoxyphenol compounds are formed through hydrolysis 
of ether bonds.9,10,13 
Lipids are divided into different categories mostly fatty acids and glycerols. Lipids are 
not water-soluble at normal temperatures; however, at sub-critical or supercritical 
conditions the dielectric constant of water decreases and makes these molecules more 
soluble. Lipids can hydrolyse in hot-compressed water without catalyst. Glycerol is the 
product of triglyceride hydrolysis and is commonly converted to aqueous fraction when 
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subjected to hydrothermal treatment. Fatty acids are relatively thermally stable but in 
hydrothermal processing they could partially degrade and produce long-chain 
hydrocarbons. They degrade faster in alkaline conditions mainly via a mechanism 
involving fatty acids decarboxylization.9 
Proteins are polymers of amino-acids mostly found in animal or microbial type of 
biomass. Proteins contain a large fraction of nitrogen that can affect the bio-oil properties 
such as smelling and combustion properties, so the degradation of proteins is also of great 
importance to HTL of biomass. Proteins can be slightly hydrolysed at temperatures below 
230 oC. At temperatures above 250 oC proteins are hydrolysed to amino-acids, which will 
then be degraded fast to hydrocarbons, amines, aldehyds and acids through 
decarboxylation and deamination reactions.9 
2.3.2 HTL of Sludge 
Many researchers demonstrated that HTL can be an alternative to traditional technologies 
for waste management such as disposal and valorization of wastewater sludge. 
Hydrothermal liquefaction could be an effective technical route for treatment of 
wastewater sludge for recovery of energy in the form of bio-oil. The process is even more 
promising if it is made energy-self-sufficient by using a part of the bio-oil and bio-char to 
provide heat for the HTL process. 
HTL of different types of biomass has been widely reported in literature.7,17–25 An early 
study was first reported by Berl in 1940s who suggested that cornstalks, corn cobs, sugar 
cane, bagasse, seaweed, algae, sawdust, Irish moss, molasses, sorghum, and grasses could 
be converted into petroleum-like products.12 
In 1990 the Shell Research Laboratory in Amsterdam published a work on hydrothermal 
upgrading process (HTU) of waste biomass, especially the high-water-content materials. 
In HTU, the biomass is treated at temperatures ranging from 300 to 350 oC and pressure 
of 12-18 MPa in water for 5-15 min without using any reducing gas environment or 
catalyst. The product consists of around 45 % bio-oil, 25 % gas, 20 % H2O, and 10 % 
dissolved organic materials (i.e., water soluble products such as acetic acid and ethanol). 
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The heating value of the produced bio-oil from HTU can be in the range of 30–35 MJ/kg 
with an oxygen content of 10-18%.11,26 
HTL of wastewater sludge was first reported by Kranich and Eralp in 1984.27 Sewage 
sludge was converted to oil at different reaction temperatures in presence of hydrogen as 
reducing gas and catalysts such as Na2CO3, NiCO3, and Na2MnO4. The oil yields were 
less than 20 wt% with water as the reaction medium.16,27 
In 1986, a pilot plant process to produce bio-oil from sludge was patented as STORS 
(Sludge To Oil Reactor System) by Battelle Memorial Institute in the U.S.3,28,29 The 
process was carried out at 300 oC, 10 MPa and 90 min residence time with initial 
substrate concentration of 20 wt% of the sludge feed and Na2CO3 as a catalyst. The 
technology was patented as sludge-to-oil reaction system (STORS) with oil yields 
ranging from 10-20 wt% and char from 5-30 wt%.3,29 
Itoh et al. reported a demonstration plant operating at 300 oC with the capacity of 5t/d of 
the dewatered sludge as the feedstock. The total heavy oil yield was reported to be 47.9% 
with about half of the organic materials in the sludge converted. The oils were separated 
from the reaction mixture by high pressure distillation. The heating values of the heavy 
oils were found to be 37-39 MJ/kg.30 
In a more recent study, HTL of algal biomass, swine manure and digested anaerobic 
sludge (total solids=20%) was investigated by Vardon et al. at 300 oC for 30 min. The 
organic matter content of the feedstocks was reported to be in the order of algae > manure 
> sludge. The sludge feedstock, which was mainly composed of cellulose and lignin, 
resulted in a bio-oil containing a high percentage of ester, phenolic and nitrogenous 
compounds. The bio-oil yield from sludge was 9.4% and had the highest amount of high 
boiling point compound compared to the bio-oil from other feedstocks, as well as had the 
highest molecular weight of 1870 g/mol.6 
Huang et al. studied HTL of sewage sludge at 350 oC for 20 min. The sludge was 
composed of 33.6% protein, 20.3% carbohydraters, 6.9% lipids, and 39.2% ash. The bio-
oil yield was reported to be 49.6%, however, accompanied by a large char yield 
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(45.73%), which could be attributed to the proteins and carbohydrates content of the 
sludge.31 
2.3.3 Effects of Operating Conditions on HTL 
Operating parameters such as reaction temperature, retention time, presence of a catalyst 
and water to biomass ratio can affect the yields and characteristics of HTL products. In 
this section, previous studies on the effects of operating conditions on HTL of biomass 
are reviewed. 
2.3.3.1 Effects of Type and Composition of Feedstock 
Feedstock type and composition can largely affect the produced bio-oil characteristics. 
As a general trend the conversion rates for different biomass constituents under HTL 
conditions are in the order of lipids > proteins > hemicellulose > cellulose > lignin. The 
more lignin that the biomass contains, the higher operating temperature is needed.6,31 
Lignin and cellulose hydrolyse to oxygen containing compounds such as phenolic 
compounds, carbohydrates (sugars), pyran derivatives, ketones, aldehydes and 
formic/acetic acids, contributing to the high oxygen content of the bio-oil. Carbohydrates, 
lignin and protein would form phenolic compounds, while lipids produce fatty 
acids/esters and cholesterols.6,16,31  
Karagoz et al. tested the effects of biomass type on liquefaction yield, using two types of 
waste biomass, sawdust and rice husk, in a 200 ml autoclave reactor at 280 oC for 15 min 
without catalyst at the biomass-to-solvent ratio of 5/30 (g/ml). Their obtained oil yield 
with sawdust was 8.6 wt% although it was very low, but it was still higher than that from 
rice husk.32 
In another work published by Demirbas, HTL of different types of woody biomass with 
different compositions was studied with biomass–to-solvent ratio of 10/100 (g/ml) 
without using any catalyst at 277-377 oC. The maximum bio-oil yield (28 wt%) was 
obtained from beech wood powder (with the lowest lignin and highest cellulose and 
hemicellulose contents) with 34.9 MJ/kg higher heating value (HHV). They concluded 
that the oil yield is inversely proportional to the lignin content of the feedstock: with 
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increasing lignin content, the oil yield decreases while the water soluble product yield 
increases.33 However, as per a previous study34, a different conclusion was drawn; 
Tymchyshyn and Xu investigated HTL of lignocellulosic wastes (sawdust and cornstalks) 
and two model bio-mass compounds (pure lignin and pure cellulose as references) in hot-
compressed water at temperatures from 250 to 350 C in the presence of 2MPa H2. The 
liquefaction operations at 250 oC for 60 min produced bio-oil at a yield of about 53, 32, 
32 and 17 wt.% for lignin, sawdust, cornstalk and cellulose, respectively, suggesting the 
bio-oil yield is proportional to the lignin content of the feedstock.34 Admittedly, the 
conditions used (type of feedstock, HTL temperature, time and atmosphere) in these two 
literature studies33,34 are not the same, hence more research in this regard is needed in 
order to draw conclusions that are more conclusive. 
In another work by Vardon et al., the effects of different feedstock and their composition 
on HTL were studied in a 2L batch reactor at 300  oC temperature and 10-12 nitrogen 
MPa pressure with 30 min residence time with three kinds of waste feedstock (Spirulina 
algea, swine manure and anaerobically digested sludge) at a substrate concentration of 
20% (w/w). These three feedstocks have different composition of protein, lipid and 
carbohydrate fractions. The content of organic matter of the feedstocks was in the order: 
microalgae> swine manure > digested sludge. Microalgae contained the highest protein 
and lipid and low carbohydrates content, manure contained high carbohydrates and 
moderate lipid and protein contents, and the digested sludge contained high 
carbohydrates, moderate protein and very low lipid content. The highest bio-oil yield 
(32.6 wt%) was obtained with microalgae as the feedstock, while  the digested sludge 
resulted in only 9.4 wt% oil yield, suggesting that the bio-oil yield is higher with high 
lipid-containing feedstocks, but lower for feedstocks with a high carbohydrate-content, 
although the higher heating values (HHV) of all bio-oils obtained were almost the same.6 
It can be concluded that the type and composition (lignin, carbohydrate and lipid 
contents) of feedstock can greatly influence the product yields from the HTL process. 
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2.3.3.2 Effects of Catalyst 
It has been widely demonstrated in many studies that use of a catalyst in HTL of biomass 
could effectively promote liquefaction efficiency leading to higher biomass conversion 
and bio-oil yields as well as improved oil quality (heating values).18,22,35–38 Different 
kinds of homogeneous and heterogeneous catalysts have been employed in hydrothermal 
liquefaction process, but the most common catalysts used were alkali metal compounds, 
e.g. Na2CO3, NaOH, K2CO3, KOH, LiOH, RbOH, and CsOH.16,39 
The effects of using an alkaline homogeneous catalyst (K2CO3) in HTL of pine wood 
sawdust were investigated by Karagoz et al. in a 200 ml autoclave reactor at 280 oC and 
15 min residence time.18 The bio-oil yield without using catalyst was reported to be as 
low as 8.6 wt% and increased to 33.7 wt% when using 0.94 M of K2CO3 solution as a 
catalyst. In another work performed by Zou et al.35, effects of alkali catalyst (Na2CO3) on 
HTL of microalgae were investigated. Increasing catalyst dosage was found to raise the 
biomass conversion and increase bio-oil production. Ross et al.36 studied the effects of 
different alkali and organic acid catalysts on HTL of microalgae in a 75 ml batch reactor, 
and concluded that the catalytic activities for bio-oil yields increased in the order of 
HCOOH < KOH < CH3COOH < Na2CO3. With Na2CO3, the bio-oil yield attained 27.3 
wt% at 350 oC and 1 hr residence time and the oil has an HHV of 39.9 MJ/kg. Similar 
results were reported by many other researchers, demonstrating good catalytic activities 
of Na2CO3 for HTL of various biomass feedstock (such as microalgae, MSW, 
Paulownia).12,22,37,40 
A previous work from Zhang et al.23 studied the effects of both homogeneous and 
heterogeneous catalysts (i.e., formic acid (HCO2H), KOH and FeS) on HTL of mixtures 
of secondary pulp/paper mill sludge and waste newspaper (a common municipal solid 
waste that contains a high fraction of volatile material and lignin). Effects of using 
hydrogen as a reducing gas were also investigated. The study concluded that presence of 
H2 had no significant effects on bio-oil yield.  In terms of oil yield, the performance of 
catalysts was: FeS > KOH > HCO2H, and in terms of conversion of biomass the order of 
the catalysts was KOH > FeS > HCO2H. The highest oil yield obtained was 29.9 wt% 
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with FeS catalyst at 300 oC and 2 MPa initial pressure of nitrogen and 20 min residence 
time.23 
A wide variety of heterogeneous catalysts including noble metals supported on carbon, 
Pd/C, Pt/C, Ru/C (5 wt%), sulfided CoMo/γ-Al2O3 (4.4-11.9%wt), and Ni/SiO2-Al2O3 
(65%wt) were tested for HTL of microalgae in a 31 ml batch reactor by Duan and 
Savage.19 In this comprehensive study, they also investigated the effects of He and H2 as 
inert and reducing environments, respectively under 70 kPa initial pressure. The presence 
of a reducing atmosphere (H2) did not increase the yield of bio-oils, but using hydrogen 
produced bio-oils were with a higher H/C ratio and a higher heating value as well as a 
lower nitrogen content. For instance, the HHV of bio-oil was 40.1 MJ/kg with Pt/C in 
presence of hydrogen.  Pt/C, Pd/C and Ru/C catalysts were found to be very effective for 
producing bio-oils with increased H/C ratio, and Pt/C, Ni/SiO2-Al2O3 and sulfide 
CoMo/γ-Al2O3 were effective for decreasing O/C ratio in the obtained bio-oils. The 
highest bio-oil yield was 57 wt% with Pd/C in the absence of hydrogen, and 52 wt% in 
presence of hydrogen at the optimum conditions of 350 oC and 60 min.19 
2.3.3.3 Effects of Reaction Temperature 
Temperature is the most influencing parameter for HTL process. Generally, increasing 
temperature in an appropriate range promotes biomass fragmentations and produces 
mainly liquid products.15 As previously mentioned, biomass conversion pathway includes 
biomass hydrolysis, bio-oil formation and bio-oil decomposition. When the reaction 
temperature is sufficiently above the activation energy of bonds cessation, biomass 
depolymerises to its unit structures such as glucose and phenolic compounds and 
gradually transforms into bio-oil. At temperatures higher than 350 oC, bio-oil yield 
decreases due to secondary decomposition or condensation/repolymerization reactions, 
producing more gaseous products and char. On the other hand, at relatively low 
temperatures (< 280 oC), incomplete conversion of biomass and hence a lower bio-oil 
yield occurs.10,15 Thus, selection of an optimum temperature is very important for HTL 
bio-oil production. As commonly reported in literature, the temperature range of 300-330 
oC is optimal for production of HTL bio-oil at a higher yield15, though the optimal 
temperature also depends on biomass type. 
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Zhong and Wei studied HTL of woody biomass at different temperatures of 280, 300, 
320, 340 and 360 oC. They reported that the bio-oil yield increased with increasing 
reaction temperature up to 320-340 oC. Further increasing the temperature resulted in a 
decline in bio-oil yield, as described previously. The maximum bio-oil yield of 32.2% 
and lowest solid residue yield of 10.34% were obtained at 340 oC and in the presence of 
K2CO3 catalyst.41 Similarly, Ogi et al. studied the effects of temperature on HTL of 
woody biomass in presence of K2CO3 catalyst. The highest oil yield of 28.4% was 
obtained at 300 oC and a higher temperature above 300 oC resulted in lower bio-oil 
production.42 Xu and Lad reported an initial increase in heavy oil production up to 300 oC 
followed by a continuous drop with increasing temperature during HTL experiments in 
water with sawdust without catalyst. The drop in bio-oil yield was attributed to the 
formation of gases, water and char as a result of enhanced cracking and dehydration 
reactions, and condensation reactions at higher temperatures.43 
Shuping et al. suggested that the increase in bio-oil yield with increasing temperature is 
mainly due to the enhanced ionic characterization of subcritical water, which turns water 
into an acid/base precursor that can catalyze hydrolytic degradation of the biomass.35 
2.3.3.4 Effects of Residence Time 
Duration of reaction also defines overall conversion of biomass and the distribution of 
products. Thus optimization of residence time is necessary for effective conversion of 
organic compounds in biomass. It has been commonly observed that bio-oil yield is 
higher with a shorter residence time due to the restriction of secondary or tertiary 
reactions that would convert the produced heavy oils into water, gaseous products or 
solid residue.10,15 
Yin et al. observed a decrease in bio-oil yield from HTL of cattle manure at 310 oC and in 
the presence of NaOH as catalyst while increasing reaction time. Increasing the reaction 
time from 15 to 40 min resulted in a decrease in bio-oil yield from 39.57% to 12.95% 
which was attributed to the decomposition and condensation of bio-oil products to form 
residual solids.10 
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A different trend was however observed by Xu and Lancaster.16 The authors observed an 
increase in bio-oil yield at longer reaction times from 15 to 120 min, which might be due 
to conversion of water-soluble products (WSP) to bio-oils. They proposed that the 
increased dehydration of carbohydrates and other WSP compounds in the HTL products 
or intermediates at longer retention times could account for the conversion of the WSP to 
bio-oil.16 
2.3.3.5 Effects of Water to Biomass Ratio 
In HTL, mass ratio of biomass to water is considered as one of key parameters (along 
with others, i.e., temperature, time and catalysts as discussed previously). From economic 
perspective, more concentrated solutions are desirable for HTL bio-oil production, 
however, a low water concentration of the reactor feed was found to restrict the 
hydrolysis of biomass leading to a smaller yield of the bio-oils and a higher yield of the 
solid residue or char.15,16 For instance, Yin et al. reported that when mass ratio of cattle 
manure to water was increased from 0.5 to 2, the corresponding bio-oil yield decreased 
sharply from 48.7% to 1.46 wt%. The decrease was believed due to the conversion of 
bio-oil/intermediates into solid residue through self-condensation reactions.10 Boocock 
and Sherman also observed greatly reduced oil yields at high wood-to-water ratios during 
HTL of polar wood at 350 oC, suggesting the critical solvent/reactant roles of water in 
biomass HTL process, which contribute to hydrolytic degradation of lignocellulosic 
biomass and stabilising the product oils.44 
However, decreasing biomass to water ratio does not always produce higher bio-oil 
yields. Xu and Lancaster reported a greater yield of bio-oil at a higher initial biomass 
concentration.16 The bio-oil yield increased from 15% to 22% as the initial biomass 
concentration increased from 4.8 to 16.7%. They suggested that this result was due to the 
promotion of the dehydration reactions of the water-soluble intermediates or products at 
lower water concentrations, resulting in a greater yield of bio-oil.16 
2.3.4 HTL in Continuous Operations Process  
Most of the HTL studies were performed in batch reactors. However, continuous flow 
reactors are desirable for large-scale applications of the HTL technologies in order to 
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promote the energy utilization efficiency and make the process economically feasible.45 
With batch reactors, it is almost not possible to have very short residence time for better 
oil yields (as discussed in the previous section). Thus, the advantage of using continuous 
flow reactor with controllable residence time, is that maximum higher bio-oil yield could 
be achieved in a shorter reaction time.45  
Jazrawi et al.45 studied hydrothermal liquefaction of Chlorella and Spirulina microalgae 
in a continuous flow reactor of 2L volume at 250-350 oC and 150-200 bar pressure for a 
residence time of 3-5 min. The best operating conditions were 350 oC and 3 min 
residence time, giving 41.7 wt% bio-oil yield. Hammerschmidt et al.40 also performed 
hydrothermal liquefaction of three types of sludge (two food industry sludge samples 
with 12 and 6.7 wt% solids concentration, respectively, and one wastewater sludge with 
7.7 wt% solid concentration) in a 127 ml continuous flow reactor. The reactor was 
operated at 300-350 oC and 25 MPa with a feed rate of 5.2 and 10.5 g/min, respectively. 
The feed was first mixed with K2CO3 as a homogeneous catalyst and then the mixture 
was pumped to the reactor filled with ZrO2 as a heterogeneous catalyst. Although the 
residence time in the catalytic bed was controlled to be 10 minutes in most runs, a longer 
residence time and higher catalyst concentration of the feed resulted in greater bio-oil 
yields.  
From the literature, it is clear that many parameters during biomass HTL would influence 
the yield and composition of liquefaction products, especially bio-oils. Table 2.3 shows a 
summary of some previous studies using various reactor types and their best operating 
conditions for bio-oil yield.  
 
 
 
 
31 
 
Table  2.3: Summary of the best operation conditions and oil yield through HTL in 
subcritical water conditions using various reactor types 
Feedstock T (oC) Time (min) Catalyst Reactor type 
Reactor volume 
(ml) 
Oil yield 
(Wt%) Ref. 
Sawdust 280 15 - Batch 200 8.6 32 
Beech wood powder 377 25 - Batch 250 28 33 
Swine manure 300 30 - Batch 2000 30.2 6 
Lignin 250 60 - Batch 14 53 34
Swine manure 295 120 - Batch 1800 70.21 46 
Pine wood sawdust 280 15 K2CO3 Batch 200 33.7 18 
Microalgae 360 50 Na2CO3 Batch 100 25.8 35 
Microalgae 350 60 Na2CO3 Batch 75 27.3 36 
Garbage 340 30 Na2CO3 Batch 300 27.6 37 
Paulownia 340 10 Iron powder Batch 1000 36.3 22 
Secondary pulp/paper 
mill sludge 300 20 FeS Batch 75 29.9 
38 
Microalgae 350 60 Pd/C Batch 31 57 19 
Cattle manure 310 15 NaOH Batch 3000 48.91 10 
Dairy manure 350 15 Na2CO3 Batch 300 242 12 
Microalgae 350 3 - Continuous 2000 41.7 45 
Sludge 330 10 K2CO3 & ZrO2 
Continuous 127 NP 40 
Swine manure 300 60 - Continuous NP3 701 47 
1 Based on organic matter content of the biomass feedstock 
2 4.8 g bio-oil was produced from 20 g dry manure feedstock 
3 NP= not provided in the paper 
 
2.3.5 HTL in Supercritical Water Medium 
A supercritical fluid exists at temperature and pressure above its critical point. Recently 
supercritical fluid technology has attracted a lot of interest in various processes such as 
biomass gasification and liquefaction. Supercritical fluids can dissolve organic matters 
that are not normally soluble in liquid or gas phase. They also provide a single phase 
environment for the reaction; this is due to their complete miscibility with the vapour and 
liquid products.39 Supercritical water (SCW) exists at a temperature higher than 374 oC 
(TC) and pressure higher than 22 MPa (PC). The unique advantages of SCW include gas-
like diffusivity, liquid-like density, higher mixing quality, higher heat and mass transfer 
and faster reaction. However, SCW has some drawbacks such as high operating pressure, 
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increased corrosion due to low pH values and dissolved oxygen, and high salt deposition 
leading to reactor clogging. Despite their limitations, SCW has found applications in 
many processes including HTL of biomass or wastes for bio-oil production and 
gasification of biomass or wastes for hydrogen production.39,48 
Supercritical water has been utilized in many HTL studies. Qian et al.49 investigated 
hydrothermal liquefaction of woody biomass at a temperature ranging from 280 to 420 oC 
with sodium carbonate as the catalyst in a 500 ml batch reactor. The reactor was 
pressurized with high purity hydrogen at initial pressure of 8 MPa. The highest yield of 
53.3 wt% was obtained at 380 oC which is above water’s critical temperature. A previous 
work by the author's group50 also demonstrated that SCW was effective for HTL of peat 
with raw iron ore as the catalyst in a batch reactor pressurized with 2 MPa nitrogen, 
where a high bio-oil yield (close to 40 wt%) was obtained at temperatures over 450C for 
2 hr. In other two recent studies by the author's group, SCW proved to be highly effective 
for HTL of Jack Pine sawdust with Ba(OH)2 catalyst at 380C (bio-oil yield of over 45 
wt%)43 and various plant samples at 400 oC (bio-oil yield of approx. 30 wt%).38 
2.3.6 HTL Processes in Pilot or Demonstration Scales 
HTL processes on pilot and demonstration scales have been practiced at several places of 
the world. In order to make hydrothermal liquefaction economically viable, dry matter 
content in the feedstock should be sufficiently high to obtain a higher oil production rate. 
This however renders challenges in feeding the feedstock to the HTL reactor, and 
increased potential of reactor plugging in the reactor system. In addition, there should 
also be an appropriate solution to handle the aqueous waste stream generated from the 
process.9 Some previous and current large-scale applications of the hydrothermal 
liquefaction technologies are summarized below. 
The pioneering work in this area was performed in 1970s by Appell et al. at the 
Pittsburgh Energy Research Center, where a pilot plan was demonstrated in Albany, 
Oregon. The process used wood chips as feedstock and converted them into bio-oil at 
temperatures of 330 - 370 oC and pressure of 200 bars for a residence time of 10 to 30 
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min. The oil yield obtained was 45-55% based on the dry matter of the feed. The 
operation of the unit was stopped after 1981 due to some serious technical problems.9,11 
The Lawrence Berkeley Laboratory (LBL) introduced hydrolysis of biomass with sulfuric 
acid followed by neutralization by sodium carbonate and subsequent liquefaction at 330-
360 oC and 100-240 bars. The research was halted in the early 1980s as the price of 
petroleum dropped.9,11 
Shell Research Laboratory in Amsterdam (NL) started to develop HTU process in 1982. 
In their process, a number of different types of biomass can be liquefied at temperature of 
300-350 oC and 120-180 bars for 5-20 min, producing bio-oil at 45% yield with HHV of 
30-35 MJ/kg.9,11 
The high pressure hydrogenation (DOS) process, developed by HAW (Hochschule für 
Angewandte Wissenschaften Hamburg, Germany), is a direct one-step process for 
liquefaction of lignocellulosic biomass (e.g. wood, straw). The process operates under 80 
bars and between 300-500 oC, and the thermal efficiency of the whole system can be 
around 70 % based on the heating value of the reactor feed.9,11 
A Danish company SCF Technologies has developed the CatLiq technology that operates 
on a 20 L/h capacity pilot plant in Copenhagen, Denmark. This process converts organic 
waste to oil in the presence of K2CO3 and Zirconia as homogenous and heterogeneous 
catalysts, respectively. The operating conditions of the process are 280-350 oC and 22.5-
25 MPa, and the process achieved 30-35% oil yields with 70-75% energy recovery from 
biomass to bio-oil.9 Another Danish company, Steeper Energy, is commercializing 
Hydrofaction™, a proprietary “biomass to liquids” technology using supercritical 
chemistry. After the successful execution of the continuous bench-scale unit based at 
Aalborg University in Denmark (over 3000 operating hours at approx. 20 L/h feeding rate 
or ½ barrel bio-oil per day (BPD)), Steeper Energy is now actively developing a 
Continuous-Pilot-Scale (CPS) 100 barrel per day plant in Alberta. 
The STORS process developed in Cincinnati, Ohio, USA, is capable of processing 
undigested municipal sewage sludge with 20% solids at the rate of 30 L/h. The process 
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operates at 300 oC with 73% energy recovery in the forms of oil and char. In the early 
nineties a demonstration plant capable of handling 5 tons/d of dewatered sludge per day 
was constructed in Japan. It operated at 300 oC and 10 MPa. The oil yield was reported to 
be 38% (ash included) with HHV of 31-39 MJ/kg. In 2001 a STORS demonstration 
project sponsored by the United States Environmental Protection Agency was 
successfully finished. The plant was located in Colton, California, USA, for bio-oil 
production from raw sewage sludge. The technology was further advanced by a company 
called ThermoEnergy.9 
Thermal Depolymerization Technology has been designed by Changing World 
Technologies Inc. (CWT). In 1998, CWT started a subsidiary, Thermo-Depolymerization 
Process, LLC (TDP). A test plant was built in Philadelphia, Pennsylvania to evaluate the 
TDP technology. The first large-scale plant was inaugurated in Carthage, Missouri, USA 
in 2004 and converted approximately 250 tons/day of turkey offal and fats into 
approximately 500 barrels bio-oil.9 
Table 2.4 presents a summary of the HTL processes in pilot or demonstration scale. 
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Table  2.4: Overview of HTL processes in pilot or demonstration scale, Reprinted 
with permission from Ref. 9 Copyright (2011) Elsevier  
Process name Developer/supplier of the process Raw material 
Temperature 
(oC) 
Pressure 
(MPa) Plant scale 
Oil yield 
(%) 
PERC Pittsburg Energy Research Center (USA) Wood chips 330-370 20 N/A 53 
LBL Lawrence Berkeley Laboratory (USA) Wood chips 330-360 10-24 N/A 33 
HTU Shell Research Institute (NL) 
All types of biomass, 
domestic, agricultural and 
industrial residues, wood 
300-350 12-18 100 kg/h (wet) pilot plant 45 
Direct Liquefaction 
of Organic 
Substances (DoS) 
HAW (GER) Lignocellulosic biomass (e.g. wood, straw) 350-500 8 
5kg/h semi-
continuous test 
plant 
Not 
known 
STORS, USA 
EPA's Water Engineering 
Research Laboratory, 
Cincinnati, Ohio, USA 
Sewage sludge 300 10 30 kg of sludge per hour 10-20 
STORS, Japan Organo Corp. Sewage sludge 300 10 5 tons of sludge per day 38 
CatLiq SCF Technologies A/S (DK) 
DDGS (Dried distiller 
grain with solubles) 280-350 22.5-25 
20 L/h capacity 
pilot plant 34 
Thermal 
Depolymerisation 
Process (TDP) 
Changing World 
Technologies Inc. (USA) Turkey offal and fats 200-300 4 250 tons/day 
Not 
known 
 
2.4 Biogas Production from Sludge through AD 
Anaerobic digestion (AD) is the most common method for sludge stabilization resulting 
in the reduction of volatile solids (VS) and production of biogas. It is usually carried out 
as one-stage process at mesophilic (30-40 oC) or thermophilic (50-55 oC) conditions51 and 
involves stages of hydrolysis, acidogenesis, acetogenesis, and methanogenesis.2,52 During 
hydrolysis (Eq. 2.1), which is normally the rate limiting step of AD, both insoluble 
organic material and high molecular weight compounds such as lipids, proteins, 
polysaccharides and nucleic acids are degraded into soluble organic substances (e.g. 
amino acids and fatty acids).2 In the second stage, the components formed during 
hydrolysis are converted into volatile fatty acids (VFAs) along with NH3, CO2, H2 and 
other by-products by acidogenic (fermentative) bacteria. During the third stage (Eq. 2.2), 
acetogens further digest the higher organic acids and alcohols from the acidogenesis stage 
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to produce mainly acetic acid, CO2 and H2. These three steps are usually called acid 
fermentation.53 In the last stage, methane is produced by two groups of methanogenic 
bacteria: The first group produces methane and carbon dioxide from fermentation of 
acetate (Eq. 2.3) and the second group (Eq. 2.4) uses hydrogen as electron donor and 
carbon dioxide as acceptor to produce methane.53 The stages of AD are shown in Figure 
2.4.53 
 
 
Figure  2.4: Anaerobic digestion stages 
 
݊ܥ଺ܪଵ଴ܱହ ൅ ݊ܪଶܱ ு௬ௗ௥௢௟௬௦௜௦ሱۛ ۛۛ ۛۛ ۛۛ ሮ ݊ܥ଺ܪଵଶܱ଺       (2.1) 
݊ܥ଺ܪଵଶܱ଺ ஺௖௜ௗ	௙௥௢௠	௕௔௖௧௘௥௜௔ሱۛ ۛۛ ۛۛ ۛۛ ۛۛ ۛۛ ۛۛ ሮ 3݊ܥܪଷܥܱܱܪ      (2.2) 
ܥܪଷܥܱܱܪ ெ௘௧௛௔௡௘	௙௢௥௠௜௡௚	௕௔௖௧௘௥௜௔ሱۛ ۛۛ ۛۛ ۛۛ ۛۛ ۛۛ ۛۛ ۛۛ ۛۛ ۛۛ ۛሮ ܥܪସ ൅ ܥܱଶ     (2.3) 
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 ܥܱଶ ൅ 4ܪଶ ோ௘ௗ௨௖௧௜௢௡ሱۛ ۛۛ ۛۛ ሮۛ ܥܪସ ൅ ܪଶܱ        (2.4) 
Various parameters such as temperature, pH, alkalinity and solids can affect the rate of 
the different stages of the digestion process. Some of the best operating conditions for 
anaerobic digestion include: 
- No dissolved oxygen 
- No inhibitory substances (such as heavy metals and sulfides) 
- pH range of 6.6- 7.654 
- Sufficient nitrogen and phosphorous 
- Carbon to nitrogen ratio of 25-30:153 
- VFA concentration in the substrate between 2000 to 3000 mg/L53 
2.4.1 Pre-Treatments for AD 
Application of AD to biosolids is often limited by very long retention times (20–30 days) 
accompanied by a low overall degradation efficiency of the organic dry solids (30–50%) 
which is due to the hydrolysis stage – the rate-limiting stage.2 Biosolids are composed of 
diverse microorganisms and organic and inorganic compounds agglomerated together in 
a polymeric network formed by extracellular polymeric substances (EPSs), including 
proteins, carbohydrates, lipids and VFAs. During hydrolysis, cell walls are ruptured and 
EPS are degraded, resulting in the release of readily available organic materials for the 
acidogenic microorganisms.2 It is commonly believed that hydrolysis of EPS and/or 
microbial biomass limits the rate and extent of degradation. Thus applying a 
disintegration process as a pre-treatment step for breaking the EPS network can enhance 
anaerobic biodegradability and dewaterability of the digested sludge. Thermal, chemical, 
biological and mechanical processes, as well as combinations of these, have been studied 
as possible pre-treatment approaches to accelerate sludge hydrolysis, as reviewed below. 
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2.4.1.1 Thermal Pre-Treatment 
Thermal pre-treatments were initially applied to sludge to improve their 
dewaterability.53,55 They can destroy the cell walls and make the organic compounds 
accessible for biological degradation56–58 as well as remove pathogens and decrease the 
digestate viscosity.59 A wide range of temperatures has been studied, ranging from 60 to 
270 oC which can be divided into low-temperature (< 100 oC) and high-temperature 
treatments (> 100 oC, mostly referred to as thermal hydrolysis). The most common pre-
treatment temperatures are between 60 and 180 oC with the optimum reported conditions 
of 160-180 oC and 30-60 min for sewage sludge.53,60 However, the optimum temperature 
and duration of the pre-treatment depend on the nature of the sludge.58 Temperatures 
above 200 oC have been found responsible for refractory and toxic compound formation 
and thus reduction in the biodegradability.56,58,61,62 The formation of the refractory 
compounds is reported to be as a result of Maillard reaction in which sugars and amino 
acid react to form melanoids which are known to be inhibitory to the methanogens 
downstream.63 The formation of hardly degradable materials (or dioxins at temperatures 
of 200 oC) was also reported.63 Low pre-treatment temperatures are more advantageous 
over high temperatures due to lower energy requirements and applicability. At low 
temperatures, treatment time plays a more dominant role than treatment temperature and 
the low temperature pre-treatment required a longer contact time than the high 
temperature treatment. Hiraoka et al. investigated the low-temperature thermal pre-
treatment and revealed an increase of more than 30% in gas production by pre-treatments 
at 60 and 80 oC.64 The main effect of thermal pre-treatment is the disintegration of cell 
membranes and thus solubilization of organic compounds. There is a direct correlation 
between COD solubilization and temperature.59 However, there were different 
observations reported for the effects of pre-treatments on biogas production as described 
below: 
On one side, Ferrer et al. reported that the proportion of soluble to total organic matter 
increased by almost 10 times after 70 oC pre-treatment of the mixture of thickened 
primary and secondary sludge. After sludge pre-treatment, almost 50% increase in 
methane volume and higher methane content in biogas occurred with treatments for 9, 24 
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and 48 hr.61 Appels et al. investigated the influence of thermal treatment of WAS at 70-
90 oC on anaerobic digestion. They reported that the organic and inorganic compounds 
were efficiently solubilised as a result of treatment. Negligible increase of biogas 
production was obtained from sludge pre-treated at 70 oC for 60 min, whereas the biogas 
production was improved by 20 times when applying a 60 min pre-treatment at 90 oC.58 
On the other hand, as per the study of Dhar et al. who investigated thermal pre-treatments 
of municipal WAS at 50, 70 and 90 oC for 30 min to examine the effects of pre-treatment 
on COD solubiliztion, solids reduction and methane production potential65, the pre-
treatments caused significant increase in the ratios of soluble to total COD 
(SCOD/TCOD), compared to the control, but the increase in methane production was 
only in the range of 13-19 % for all thermal pre-treatments. 
The major disadvantage of high temperature treatments is its high energy requirement. 
However, increased biogas production may compensate for the high energy-consumption 
to some extent. Additionally, increased biodegradability and thus reduced digester 
heating requirements may also result in net energy production in the AD system. In a 
study by Bougrier et al. thickened sludge was thermally treated at 135 and 190 oC for 30 
min, leading to COD solubilization of 34 and 46%, respectively. Increased methane 
production (25%) was observed after the pre-treatments at 190 oC, compared with only 
12% increase in methane production at 130 oC. Formation of refractory soluble COD was 
reported in the treatments at 190 oC.66 Nielsen et al. reported only 13 and 9% increase in 
methane production for the pre-treatments of WAS at 130 and 170 oC, respectively, and 
negligible effect on methane yield was observed for pre-treatment at 80 oC.56 Rafique et 
al. compared the effects of low temperature and high temperature pre-treatments on AD 
by thermally treating pig manure at temperature ranges of 25 to 150 oC.67 Enhancement in 
biogas and methane production was observed for the samples treated at 25 to 100 oC with 
the highest amount of cumulative biogas obtained for the pre-treatment at 100 oC, where 
the biogas produced was 30%, 29% and 30% higher than that of the untreated sludge 
after AD of the thermally treated sample for 7, 19 and 29 days AD, respectively. The 
sludge thermally treated at 130 and 150 oC led to the least production of biogas which 
might be due to the formation of complex organic compounds or refractory soluble COD 
at high temperatures.67  
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Optimal treatment conditions for methane production from wastewater sludge depend on 
the sludge composition which can vary over time and between different wastewater 
treatment plants. Bougrier et al. suggested that the initial biodegradability of the sludge 
which is linked to its organic matter content defines the thermal treatment effectiveness. 
For a sludge with good initial biodegradability, the gain obtained by thermal treatment 
will be lower.66 A summary of the previous studies on thermal treatment and their effects 
are listed in Table 2.5. 
 
Table  2.5: Summary of the literature studies on impacts of thermal pre-treatment 
on AD of sludge or other types of biomass 
Waste type Temperature Results Ref. 
WAS and 
primary sludge 100-250 
oC 
 
- 60-70 % increase in methane production compared to untreated sludge 
at 175 C 
- Higher temperatures resulted in decreased gas production 
 
68–70 
Dewatered-
sewage sludge 50-70 
oC 
 
- Increase in the ratio of SCOD/TCOD by 2 - 21% 
- A great improvement in SCOD concentration (by up to 27%) was 
translated in only 8% increase in the methane yield. 
 
63 
WAS and 
primary sludge 170 
oC 
 
- 40-60% and 20-35% solubilization of organic matters from thermal 
treatment of the mixture of WAS and primary sludge, and WAS, 
respectively 
- Increased dewaterability 
 
71 
Sewage sludge Above 150 oC 
 
- Dewaterability was improved at temperatures above 150 C 
- The effect of temperature was more pronounced at temperatures higher 
than 180 C; however, refractory COD compounds were formed. 
 
72 
WAS 175 oC 
 
- 42 % increase of convertibility of COD to CH4  
73 
WAS 62-175 oC 
 
- Organic particulates in WAS were solubilized by thermal pre-
treatment 
- 100 % Increase of convertibility of COD to CH4 at 170 oC  
74 
WAS 115-180 oC 
 
- Maximum of 30% VSS solubilization at 180 oC 
- 90% increase in methane production after treatment at 180 oC 
 
60 
WAS and 
primary sludge 80 
oC 
 
- The methane production rate was mostly influenced by the pre-
treatment of secondary sludge followed by mesophilic and 
thermophilic digestion 
- Increase of CH4 production from 8.30 to 10.45 mmol/g VSin 
75 
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Surplus sludge 121 oC 
 
- Increase of biogas production from 350 to 420 ml/g VSSin  
76 
WAS 90-210 
 
- COD solubilisation was found to increase linearly with treatment 
temperature for temperatures lower than 200 C, 
- Sludge dewaterability was improved by pre-treatment at above 150 C 
of temperature but deteriorated for lower temperatures. 
- Thermal treatments at up to 190 C allowed the biogas production to 
increase and biogas volume enhancement during batch anaerobic 
digestion of sludge, attributed to sludge COD solubilisation 
 
55 
WAS 70-134 oC 
 
- A 50% increment in biogas production was observed for 70 C 
thermally treated sludge 
 
77 
Microalgae 
biomass 70 
oC 
 
- At the tested temperature, solubilisation of organic matter occurred 
- No significant effect on anaerobic biodegradability was observed 
 
78 
Household 
waste 70 
oC 
 
- Did not result in enhancement of methane potential 
 
79 
 
Currently the most known commercial thermal treatment technologies are Cambi® and 
BioThelys®. The Norwegian Company, Cambi®, developed a system based on thermal 
hydrolysis, involving batch treatment of both undigested primary and secondary sludges. 
It consists of three closed reactors: a pulping vessel, a hydrolysis reactor and a flash tank. 
Dewatered sludge (with approximately 16% solid) is first pre-heated with steam to 80 oC 
in the pulping vessel and then is sent to the reactor, operating at 160-180 oC, 6 bars and 
30 min residence time. Then the sludge is transferred to the flash tank operating at 
atmospheric pressure. The change in the pressure from the reactor to flash tank causes 
cell lysis. The pre-treated sludge is then cooled and sent for AD. Approximately 30% 
solid solubilization was reported with an associated increase in biogas production by 
150%. Tests of dewaterability also showed 60-80% increase. The main problems with 
Cambi installations are the moderately complex technology with three reactors, one of 
which operates at elevated temperatures and pressures, necessity of sludge dewatering 
prior to the process, and a medium-pressure steam supply. Odor problems were also 
reported for this process.2,28,57 
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The BioThelys® process, developed in France, uses a single reactor to treat sludge with 
solid concentration higher than 10% dry solids. The sludge is treated in the reactor at 
150-180 oC and 8-10 bars for 30-60 min retention time. Reduction in sludge production 
by up to 80% has been reported by the vendor. Two full-scale facilities have been in 
operation in France since 1998. Similar to the Cambi process, the BioThelys® technology 
also involves a high pressure and high temperature reactor for sludge treatment, and it 
may also be associated with odor concerns.28 
2.4.1.2 Chemical Pre-Treatment 
Chemical pre-treatments are used to hydrolyse the cell wall and membranes by means of 
strong acids, alkalis or oxidants to increase the solubility of the organic matters contained 
within the cells.2,59 The effects of chemical pre-treatment depend on the type of method 
applied and the sludge characteristics. It has been demonstrated that this pre-treatment 
method is not suitable for easily biodegradable substrates that contain a lot of 
carbohydrates, since the degradation of carbohydrates may result in subsequent 
accumulation of VFA and lead to failure of the methanogenesis step in AD.59 Various 
chemical methods have been developed based on different operating principles and the 
major chemical methods are (1) acid pre-treatment, (2) alkaline pre-treatment, (3) 
ozonation and (4) advanced oxidation methods. However, alkaline pre-treatment is 
usually the preferred chemical method since it is more compatible with subsequent 
anaerobic digestion.59,80 
- Acid Pre-Treatment 
Acid pre-treatment can break down both cellulose and lignin so it is more suitable for 
lignocellulosic substrates. The hydrolytic microbes are also capable of acclimating to 
acidic conditions.59 The main reaction that occurs during acid treatment is the hydrolysis 
of polymers into monomers and oligomers, thus it could result in increase in the rate of 
digestion time as the hydrolysis step has been partially carried out.59,81 The acid could 
interfere with the charge of sludge floc and reduce the overall negative charge of the 
sludge particles and thus prevents large colloidal sludge flocs formation.59 The main 
disadvantages of acid pre-treatment are the possibility of formation of inhibitory by-
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products such as hydroxymethylfurfural (HMF) at strong acidic conditions, loss of 
fermentable sugar due to the increased degradation of complex substrates, high costs of 
acids for the pre-treatment and for neutralizing the acidic substrates before AD.59 
Devlin et al. investigated the effects of acid pre-treatment (pH 1-6) on AD of WAS by 
adding 37% HCl and keeping the samples at the desired acidic pH for 24 hours prior to 
neutralization for AD. The solubilization of carbohydrates, proteins and COD as a result 
of cell lysis or EPS solubilization was found to increase by decreasing pH; pH of 3-6 did 
not affect the biogas production, while pH of 2 and 1 showed an increase of biogas 
production by 17 and 32%, respectively. They also reported that the acid pretreated WAS 
required 40% less cationic polymer addition to achieve the same cake solid content in the 
dewatering process.81 
- Alkali Pre-Treatment 
Alkali treatment is one of the best methods for complex organic matter solubilization. 
The main reactions that occur during alkali treatment are solvation and saphonication 
which result in the swelling of the particulate organics, making the cellular substances 
more susceptible to enzymatic attack and thus improving the biodegradability of solid 
and liquid phase.59,80,82 COD solubilization increases through saponification of uranic 
acids, acetyl esters and lipids which leads to membrane solubilization and release of 
intercellular material out of the cell, as well as neutralization of various acids formed 
from the degradation of the particulate organics.59 Electrostatic repulsion increases as a 
result of increasingly negatively charged bacterial surfaces due to the increase of pH, 
causing desorption of some part of extracellular polymers.83 The efficiency of the alkali 
added to the sludge has been found to be in the order of NaOH > KOH > Mg (OH)2 and 
Ca(OH)2.84 However, too high concentrations of Na+ or K+ may result in inhibition of 
AD.53 It should be noted that during alkali treatment some of the alkali is consumed by 
the biomass itself, increasing the consumption of the alkali reagents in the process.59 
Rajan et al. studied alkali pre-treatment of WAS at 20 and 38 oC using NaOH and 
Ca(OH)2, and observed over 45% solubilization of particulate COD. Their experiments 
showed better solubilization with NaOH compared to Ca(OH)2.80 Chen et al. investigated 
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the effects of pH from 4 to 11 on the hydrolysis and acidification of WAS.54 The SCOD, 
soluble proteins and carbohydrates, were found to be significantly higher at alkaline pH 
(9, 10 and 11) than those at near neutral pH (6, 7 and 8) or acidic pH (4 and 5). This was 
attributed to the dissociation of acidic groups in EPS and repulsions between the 
negatively charged EPS, which resulted in increased solubility of proteins and 
carbohydrates at alkaline conditions. Methane production was found to increase with the 
increase of pH from 4 to 6, while it decreased when the pH increased from 7.0 to 10.0. 
No methane production was observed at pH 10.0 and 11.0 and it was concluded that the 
activity of methanogens decreased or was lost in extremely strong alkaline 
environment.54 Table 2.6 shows a summary of the previous studies on alkaline pre-
treatments and their effects on AD. 
 
Table  2.6: Summary of the literature work on impacts of various alkaline pre-
treatments on AD 
Waste type Chemical Results Ref. 
Pig manure Ca(OH)2 (5% of the dry weight of manure) 
 
- Cumulative biogas production was 28%, 14% and 12% 
higher than the untreated sample after 7, 19 and 29 days, 
respectively.  
 
67 
Kraft mill sludge NaOH and KOH (20-200 meq/L) 
 
- Up to a 32% increase in the soluble COD/TCOD ratio 
with possible improved methane yield and the 
efficiency of the AD process. 
 
85 
Microbial 
biomass from an 
industrial plant 
0 to 26.1 g NaOH/L 
 
- The COD solubilization reached 63%, and total solid 
elimination reached 33% when 4.6 g of NaOH/L were 
added. 
- COD solubilization levelled off by further increase in 
alkali from 4.6 g NaOH/L to 26.1 g NaOH/L  
- The COD solubilization was the consequence of protein 
solubilization. 
 
86 
WAS 1.68-3.65  KOH/L 
 
- Addition of an alkaline agent led to an increase of COD 
solubilization (after 1 h, soluble COD reached 9.3% at 
pH 10 and 30.7% at pH 12) 
- Using alkali did not improve the biodegradability. This 
might be due to the inhibition of methanization by 
refractory molecules solubilized by the base of such 
high pH values. 
 
87 
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- Ozonation 
Ozonation is an oxidative treatment process to enhance sludge hydrolysis and improve 
solids biodegradability.28 During ozonation pre-treatment, sludge flocs break down into 
fine and dispersed particles. Ozonation is one of the effective techniques to disintegrate 
sludge; however, the production of ozone requires a high energy input. Weemaes and 
Verstraete reported an increase from 110 to 220 mL/g CODin in methane production as a 
result of ozonation pre-treatment for mixed sludge at 33 C.4 Also increased methane 
production from 82 to 183 mL/g CODin was observed after ozonation pre-treatment of a 
sewage sludge.88 
- Oxidation Processes 
Oxidation processes such as wet air oxidation (WAO) and Fenton's peroxidation operate 
at 150-300 oC and 20-200 bar, where aqueous materials are oxidized by an oxidant such 
as O2 or H2O2. Many of the hazardous organic compounds can be destroyed during this 
process.89 The main application of WAO is in sludge conditioning for improving its 
dewaterability and for reducing the sludge volume.3 Similar to WAO, supercritical water 
oxidation (SCWO) operates at 600 oC and above the critical pressure of water (i.e., 22.1 
MPa). Up to 99.9% of the organic materials in the sludge can decompose in the SCWO 
process, but the process is not yet available in large scale due to many technical 
challenges associated with the process such as the high pressure reactor and piping 
requirements and reactor corrosion problems associated with SCW.3 
Currently the established and emerging technologies for chemical pre-treatment include 
the MicroSludge® technology, using caustic soda to treat thickened WAS (5-10% dry 
solids) for about an hour to weaken the cell membranes. The sludge is then transferred to 
a homogenizer operating at high pressure (80 bars), followed by sudden de-pressurization 
to atmospheric pressure to lyses the sludge bacterial cells. The pre-treated sludge is then 
mixed with the primary sludge prior to AD. The reported retention times in anaerobic 
digester were found to be less than 9 days after the pre-treatment. The first full 
installation of this technology was at Chilliwack MWTP near Vancouver, Canada in 
46 
 
2004, with a second full-scale demonstration installation at Los Angeles County, 
Sanitation District in October 2005.28 
2.4.1.3 Combined Thermal and Chemical Pre-Treatment 
Combined thermal and chemical pre-treatment has the advantage of avoiding the 
necessity of high temperatures and has been reported to give the best result in the 
solubilization compared to either chemical or thermal pre-treatment.57,90 It is an effective 
technique for breaking down the microbial cells or compounds that are difficult to 
hydrolyze to easy biodegradable compounds.91 Acids and alkalis act as catalysts in 
thermal hydrolysis of organic macromolecules. Acidic or alkaline pH has different effect 
on protein or polysaccharide components of EPS. They result in loosing of the natural 
shape of EPS proteins. Polysaccharides are unstable in strong acids due to the breakdown 
of the glycosidic linkages by acid hydrolysis reactions. However, they are stable in alkali 
especially at high temperatures.92 
Almost all of the previous studies on thermochemical pre-treatments showed an increased 
solubilization of organic matters. However, the results on biodegradability are 
contradictory. Haug et al. studied the combined thermal and chemical pre-treatment of 
WAS and primary sludge at 175 oC and different pH values of 12 and 1.2, and reported a 
decrease in biodegradability by 60% due to the formation of inhibitory materials that 
adversely affected the digester performance.69 Penaud et al. reported COD solubilization 
up to 70% of a microbial biomass treated at 140 oC for 30 min at pH=12, but the 
biodegradability batch tests revealed that the thermochemical pre-treatment did not vary 
the biodegradability. This was considered to be due to the formation of some inhibitory 
molecules or the induction of some intramolecular reactions during the thermochemical 
pre-treatment, leading to the formation of refractory compounds.86 On the other hand, 
Tanaka et al. showed that pretreatment of WAS at 130 oC for 5 min after addition of 0.3g 
NaOH/g VSS led to a significant increase in biodegradability, which could reach 
230%.60,93 Effects of different pre-treatments on VSS solubilization and methane 
production were found to be in the order of: chemical < thermal < thermochemical, and 
increased with increasing the alkali dosage (pH) and temperature.60 
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Thermochemical treatments were also found to affect the dewaterability of the sludge. 
Neyens et al. studied the alkaline thermal hydrolysis of WAS at temperatures ranging 
from 20 to 120 oC for 30, 60 and 90 min by addition of NaOH, KOH, Ca(OH)2 and 
Mg(OH)2. They reported improved sludge dewaterability measured by Capillary Suction 
Time (CST) when WAS was pre-treated with Ca(OH)2 and Mg(OH)2 at 120 oC and 
pH=10. Ca(OH)2 gave better results, reducing the sludge volume by 40%. Sludge volume 
and CST values decreased (dewaterability was improved) by increasing temperature 
which could be explained by hydrolysis of extracellular and intracellular materials 
leading to destruction of colloidal particles of these macromolecules. Increasing the 
treatment time from 30 to 60 min decreased the CST values but further increasing 
treatment time from 60 to 90 min had detrimental effects on sludge dewaterability.83 In 
another study by Guan et al., WAS was treated at mild temperatures (50-90 oC) in CaCl2 
solution. CST values were found to increase with increasing temperature to 80 oC, 
indicating a significant deterioration in the dewaterability which was considered to result 
from the breakdown of sludge and the rise of smaller flocs that are hard to be dewatered. 
However, when CaCl2 was added to the process, the CST of 60 and 80 oC-treated samples 
decreased and further reduction was observed by increasing the chemical dosage.90 
Table 2.7 presents a summary of results from the previous studies on thermochemical 
treatment of sludge or other wastes. 
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Table  2.7: Summary of results from the previous studies on thermochemical pre-
treatments of sludge or other wastes and their effects on AD 
Waste type Conditions Results Ref. 
Pig manure 
T=70 oC 
Ca(OH)2 (5% of the dry weight of manure) 
 
- Cumulative biogas production was 127%, 81% and 72% 
higher than the untreated sample after 7, 19 and 29 days of 
AD, respectively. 
 
67 
WAS 
T=130 and 150 oC 
KOH to obtain pH=10 
and 12 
 
- 63.1% COD solubilization at 130 oC and pH=12 
- 59.5% COD solubilization at 170 oC and pH=12 
- 7% increase in biogas production was observed when KOH 
was added at 130 oC (pH=12) compared to the thermal 
treatment at 130 oC 
- No significant changes in biogas production for treatments 
at 170 C. 
- 130 C and pH=10 led to 71% of COD degradation and 
59% of TS degradation and biogas production 
improvement by 54%. 
 
87 
WAS T= 170 oC, pH=10 
 
- 2% improvement in final methane yield 
 
56 
WAS T=60 
oC, 0.6 mg H2O2 and 1.5 mg FeCl2 
 
- Increase in SCOD, soluble proteins and carbohydrates 
- 9% and 17% decrease in TSS and VSS, respectively 
- 20% increase in methane production rate 
- no significant effects on methane yield 
 
94 
WAS from 
dairy plant 
T=50-80 oC 
pH=10, 11, 12 (NaOH) 
 
- At 60 C and pH= 12 after 50 days biogas production was 
51% higher than the un-treated raw sludge 
- At 60 C with pH 12, COD solubilization and suspended 
solids reduction was 23% and 22% higher than that of the 
control 
- An improvement by 103% in biogas production was 
observed. 
 
91 
WAS T=20-40 
oC 
NaOH and Ca(OH)2 
 
- 45% COD solubilized, gas production increased by 112% 
over the control 
 
80 
WAS T=130, 150, 170 
oC 
pH=10 
 
- Methane yields increased from 145L/kg VS to 238 and 
256L/kg VS in for the treatment at 150 C and 170 C, 
respectively. 
- The KOH added led to increase in TS concentration before 
and after AD. 
- Thermal treatment improved AD performance. Increase in 
AD seems to be linked to sludge solubulization. 
- The treatment at 170 C led to the best results: 
improvement in bio gas yield by 80%. 
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Since the mid 1980s, there were a growing number of thermochemical pre-treatment 
technologies emerging, but none of the developed processes has been successfully 
commercialized because of high costs involved and poor quality of the bio-gas 
products.57 Among them, three representative processes are introduced here. 
The Protox process was developed to improve WAS dewaterability by low-temperature 
acid hydrolysis. It was trailed by Wassex Water in the mid 1990s. However, it was not a 
true hydrolysis operation and the dewaterability improvement was probably due to the 
changing of the isoelectric point of the sludge.57 
The Synox process was piloted at Jacksonville, Florida. The process was very compact 
and produced a stable product that resembled brown boot polish. However, it suffered 
from high chemical costs and formation of complex products.57 
The Krepro process was developed in Sweden and employed heat, pressure and sulfuric 
acid to dissolve phosphates, metals and a large fraction of organic compounds from 
thickened sludge. The main steps involved in this technology were: initial acidification, 
heating with steam, hydrolysis in a pressurized reactor, organic sludge separation and 
precipitation of iron phosphate from the concentrate. The process aimed to separate 
sludge into three fractions: (1) an organic and dewatered fraction to be used as a fuel, (2) 
a liquid fraction to be used as a carbon source for denitrification and (3) ferric phosphate 
to be used as fertilizer. However, the process suffered from lack of markets for its 
complex products.28,57 
2.4.1.4 Mechanical Pre-Treatment 
Mechanical pre-treatment methods are based on disruption of microbial cells by shear 
stress generated by pressure, translational or rotational energy.57,61 The shear forces 
decrease the particle size and increase the surface area available for enzymatic 
degradation.62 Mechanical pre-treatments are good in solubilising microbial cells but they 
are expensive due to the high energy consumption. The most used mechanical pre-
treatment technique is sludge sonication.61 
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2.5 Summary of the Literature Review 
 Hydrothermal liquefaction (HTL) is one of the promising techniques for conversion of 
high-water-content biomass such as wastewater sludge into bio-fuels. During HTL, 
biomass is first hydrolysed and depolymerized to monomers and unit structures. 
Intermediates are formed by decomposition/degradation of the produced monomers. 
The reactive fragments/intermediates then rearrange through re-polymerization, 
condensation and cyclization to form bio-oil products. 
 Operating parameters, such as temperature, residence time, presence of a catalyst, 
biomass to water ratio and type of biomass can affect the products distribution and 
characteristics. 
  Higher temperatures are in favor of higher bio-oil production. However, at very high 
temperatures (>350 oC) bio-oil yield decreases due to secondary decomposition 
reactions and production of char as a result of repolymerization and production of gas 
at higher temperatures. 
 Most researchers demonstrated that bio-oil yield was higher with a shorter residence 
time due to the chances for secondary or tertiary reactions at longer reaction times. 
 Presence of a catalyst (commonly an alkali compound) in HTL of biomass could 
effectively promote liquefaction efficiency leading to higher biomass conversion and 
bio-oil yields as well as improved oil quality (heating values). 
 From an economic perspective, more concentrated solutions are desirable for HTL; 
however, low water concentration could restrict the hydrolysis of biomass, leading to a 
smaller oil yield and a higher yield of solid residue or char. 
 The type and composition (lignin, carbohydrate and lipid contents) of feedstock can 
greatly influence the product yields of the HTL process. As a general trend, the 
conversion rates for different biomass constituents under HTL conditions are in the 
order of lipids > proteins > hemicellulose > cellulose > lignin. 
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 HTL processes on pilot and demonstration scales have been practiced at several places 
of the world. Examples of successful processes include Shell HTU process, the high 
pressure hydrogenation (DOS) process developed by HAW in Germany, CatLiq 
technology developed by SCF Technologies and Hydrofaction commercialized by 
Steeper Energy. 
 Anaerobic digestion is the most common method for sludge stabilization, resulting in 
the reduction of volatile solids (VS) and meanwhile production of biogas. 
 Hydrolysis is commonly believed to be the rate limiting step of AD; however, this step 
can be enhanced by thermal, chemical or thermochemical pre-treatment of the 
feedstock to improve its anaerobic biodegradability and dewaterability. 
 The most common thermal pre-treatment temperatures are between 60 and 180 oC 
with the optimum reported conditions of 160-180 oC temperature for 30-60 min for 
sewage sludge. The main effect of thermal pre-treatment is the disintegration of cell 
membranes and thus solubilization of organic compounds. There is a direct correlation 
between COD solubilization and temperature; however, there were different 
observations (some of which are contradictory) for the effects of pre-treatments on 
biogas production. 
 Chemical pre-treatments are used to hydrolyse the cell wall and membranes by means 
of strong acids, alkalis or oxidants and thus increase the solubility of the organic 
matter contained within the cells. Different chemical pre-treatments such as alkali or 
acid addition, ozonation and oxidation have been investigated in literature. 
 Combined thermal and chemical pre-treatment or thermochemical pre-treatment has 
the advantage of avoiding the necessity of high temperatures and has demonstrated to 
give better results in solubilization compared to either chemical or thermal pre-
treatment. Almost all of the previous studies on thermochemical treatments have 
reported increased solubilization of organic matters. However, some results on 
biodegradability are contradictory. 
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 Mechanical pre-treatments are also good in solubilising microbial cells but they are 
normally expensive due to high energy consumption. 
 The commercialized and emerging technologies for sludge pre-treatments include 
Cambi® and BioThelys® for thermal treatments, MicroSludge® technology for 
chemical treatments and Protox, Synox and Krepro processes for thermochemical 
treatments. 
2.6 Knowledge Gap and Project Objectives 
From the literature review as discussed above, HTL of wastewater sludge for production 
of bio-oil has already been reported. There are also numerous studies on biogas 
production through anaerobic digestion (AD) of sludge and different pre-treatment 
methods have been proposed to enhance the hydrolysis of the sludge and increase the 
final biogas production. The main important knowledge gaps are listed below: 
 There are contradictory results reported in the literature on the relationship between 
sludge solubilization as a result of pre-treatments and biogas production. 
 Not enough data are available on HTL of wastewater sludge. The reported bio-oil 
yields are usually low due to low solid concentration of sludge. 
 Very few studies have been performed on the effects of co-feeding of different 
feedstocks.  
 Optimization of HTL operating conditions based on experimental design study has not 
been investigated.  
 As the largest fraction of the HTL products are distributed in the water soluble phase, 
there should be a proper method to utilize this by-product and recover energy from it. 
This issue has not been addressed in literature.  
 Most of the HTL experiments are performed in batch reactors. Very few continuous 
reaction data are available. 
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 More research is still required to develop a relatively low cost and environmentally 
friendly process for recovering energy from waste materials such as wastewater sludge  
Based on the knowledge gaps, the main objective of this project was to develop a novel 
process for co-production of biogas and bio-oil from high-water-content wastewater 
sludge through HTL treatments in batch and continuous mode. Co-processing of high-
water-content wastewater sludge and other lignocellulosic biomass was investigated. 
Addition of other types of waste biomass to the sludge increases sludge concentration and 
enables the treatment of two types of waste materials at the same time which can be a 
promising solution to enhance the economics of HTL treatment of sludge and to increase 
the oil yield and quality. The process operating conditions were optimized by 
experimental design study and the optimum conditions were used in a continuous flow 
reactor. Moreover, the water-soluble products from HTL of sludge were used as the 
feedstock for biogas production through AD which also provides a novel solution to deal 
with this main by-product and to realize co-production of bio-oil and biogas from a waste 
stream. 
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Chapter 3 	
 
3 Low Temperature Thermal Pre-Treatment of Municipal 
Wastewater Sludge: Process Optimization and Effects on 
Solubilization and Anaerobic Degradation 
 
Abstract 
The present study examines the relationship between the degree of solubilization and 
biodegradability of wastewater sludge as a result of low-temperature thermal pre-
treatment. The main effect of thermal pre-treatment is the disintegration of cell 
membranes and thus solubilization of organic compounds. There is an established 
correlation between COD solubilization and temperature, but results of thermal pre-
treatments in terms of biodegradability are less well understood. With the aim of 
analysing the impact of low temperature treatments on biogas production, thermal pre-
treatments were carried out on seven different municipal wastewater sludge samples. The 
optimum temperature, reaction time and pH for thermal treatments were selected based 
on experimental design study on waste activated sludge in batch mode and found to be 80 
oC, 5 hr and pH 10, respectively. Solubilization was found to increase with the maximum 
COD solubilization of 20 % and VSS reduction of 44 % after thermal pre-treatment at the 
optimum operating conditions compared to the untreated sample. Protein and 
carbohydrate measurements showed that solubilization of proteins were to a higher extent 
than carbohydrates. Methane was produced at a higher rate for the thermally treated 
samples (khyd up to 5 times higher) through a biochemical methane potential (BMP) test, 
but ultimate methane yield was not significantly affected by the treatment.   
Keywords: Thermal treatment, Waste activated sludge, Experimental design, 
Solubilization, Degradability, Methane production rate 
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3.1 Introduction 
The conventional activated sludge process is widely used for the removal of organics and 
nutrients in municipal and industrial wastewater plants due to its high efficiency, cost 
effectiveness, flexibility, and ease of operation. However, production of large amount of 
waste activated sludge (WAS) is one of its major drawbacks.1 This excess sludge along 
with the primary sludge which is the result of the primary treatment of wastewater 
presents an enormous disposal problem and should be adequately stabilized to reduce 
bulk volume and pathogen contaminants before disposal.2 Sludge handling and disposal 
cost could be as high as 50% of the total cost of the wastewater treatment process 
operation.1,3 
Anaerobic digestion (AD) is the most popular method for sludge stabilization to reduce 
odors, pathogens and volatile solids, where organic materials in sludge are converted to 
biogas (mainly methane and CO2) in the absence of oxygen. The process consists of four 
steps: hydrolysis, acidogenesis, acetogenesis and methanogenesis.4,5 Anaerobic digestion 
of WAS is generally limited by the hydrolysis step due to its particulate nature. The 
hydrolysis step degrades both insoluble organic matters and high molecular weight 
compounds such as proteins, carbohydrates and lipids into soluble organics.5 The major 
part of the organic compounds in WAS is trapped in a polymeric network formed by 
extracellular polymeric substances (EPS).6–8 EPS are highly hydrated structures 
surrounding the bacterial cell wall. They are of great importance in bioflocculation, 
settling and dewatering of the sludge. Between 70 and 80% of EPS in WAS can be 
attributed to proteins and carbohydrates.1 In order to enhance anaerobic digestion, it has 
been hypothesized that the EPS network should be disintegrated to make the cell contents 
available to microorganisms.6,8 It has been reported that solubilizing solids and degrading 
complex organic materials improves the overall digestion rate and the degree of 
degradation.9 
Different pre-treatment methods such as thermal, chemical, biological and mechanical 
have been applied prior to AD on both WAS and primary sludge to solubilise solids and 
improve the cell disintegration and hydrolysis steps.7,10,11 Thermal pre-treatments were 
initially used to improve sludge dewaterability through degradation of gel structure.12 
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They can also destroy the cell walls and make the organic compounds accessible for 
biological degradation6,10 as well as remove pathogens and decrease the digestate 
viscosity.13 Thermal treatments are usually divided into low temperature (< 100 oC) and 
high temperature treatments (> 100 oC) the latter of which is mostly referred to as thermal 
hydrolysis. Temperature above 200 oC is not favourable and has been reported to result in 
degradation of nitrogenous organic material and production of toxic compounds and 
formation of refractory components due to polymerization reactions at high 
temperatures.6,8,9,14 Combined treatments methods such as thermal and alkali or acid 
addition (thermochemical methods) have also been investigated.15–17 
All thermal and chemical methods have been reported to enhance organics solubilization; 
however, there are different observations for the effects of pre-treatments on biogas 
production. Many studies have documented that there is a direct relationship between 
solubilization and biodegradation, although with different proportionality relations. For 
example, Rani et al. studied the effects of low-temperature thermochemical pre-treatment 
of WAS on COD solubilization, suspended solids reduction and biogas production.18 
Different temperatures (50, 60, 70 and 80 oC) and different treatments times (6, 9, 12, 24, 
36 and 48 hr) with addition of NaOH were tested. Treatment at 60 oC, pH 12 was reported 
to be the optimum condition with 23% higher COD solubilization and 22% higher 
suspended solids (SS) reduction compared to the control. It also resulted in 51% higher 
biogas production. Tanka et al. also reported an increase in methane production up to 200 
% over the control and VSS solubilization of 40-50 % by thermochemical pre-treatment 
of WAS at 130 oC for 5 minutes and addition of 0.3 g NaOH/g VSS.15 Ferrer et al. 
investigated the effects of low temperature pre-treatment (70 oC) for 9-72 hrs on the 
efficiency of the AD of the mixture of thickened primary sludge and WAS. The pre-
treatment showed enhanced solubility by increasing the volatile dissolved solids by 
almost 10 times after 9 hrs followed by 30% improvement in biogas production.19 In 
contrast, Dhar et al. tested thermal pre-treatments of municipal WAS at 50, 70 and 90 oC 
for 30 min and determined the effects of pre-treatment on COD solubiliztion, solids 
reduction and methane production potential8, with limited impact on the latter. Pre-
treatments caused significant increase in the ratios of SCOD/TCOD compared to the 
control. This was reported to originate from the disruption of cells in WAS and release of 
67 
 
organic compounds such as proteins, carbohydrates and lipids, as confirmed by the 
analysis of SCOD. However, the increase in methane production was only in the range of 
13-19 % for all thermal pre-treatments. In a study performed by Nielsen et al. the effects 
of thermal pre-treatment and inter-stage treatment at low (80 oC) and high (130-170 oC) 
temperatures and 170 oC/pH 10 for 10-24 hr on WAS were compared.6 They reported that 
all the treatments, especially those at high temperatures (130 and 170 oC) increased the 
solubilization of volatile solids and enhanced methane production rate but the treatments 
at 80 oC and 170 oC/pH 10 did not show any improvement in final methane yield during 
subsequent anaerobic digestion.  
The above studies indicated that the effects of thermal/thermo-chemical treatment vary 
widely exhibiting a complex relationship of temperature, time of treatment, chemical 
dosage and the type of sludge requiring a comprehensive study comparing the 
performance of different sludges at comparable conditions. Since low temperature 
treatments are potentially cost-effective, the objective of the present study is to 
investigate the effects of low temperature thermal pre-treatment on solubility and 
digestibility of various types of sludge. The lower temperatures will also enable us to 
study the effects of solubilization and not chemical degradation of the materials. It has 
been reported that lower temperatures need long treatment times for higher 
solubilization.12,13 Treatment times up to 10 h6, 72 h19 and 7 days20 have been reported for 
low-temperature pre-treatments. Reducing treatment time would improve the cost-
effectiveness of the process; hence this study is aimed to investigate the treatment for 
shorter treatment durations of 1, 3 and 5 hr in batch mode. The thermal pre-treatment 
conditions such as treatment temperature and time with three different pH conditions 
(acidic, neutral and basic) were optimized by an experimental design for the maximum 
organics solubilization. The added acid or base helps the solubilization of the sludge and 
increases the impact of low temperature treatment.5 To the best of our knowledge, no 
previous studies involving experimental design to find the optimum operating conditions 
for various types of sludge solubilisation are reported. Also most of the pre-treatments are 
performed in alkaline conditions and few data are available on the effects of acid 
treatment on organics solubilization. The effectiveness of the pre-treatments was 
investigated by a comprehensive characterization of the treated samples by analyzing 
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changes in proteins and carbohydrates concentrations, elemental and FT-IR analyses. The 
effects of treatments on different sludge types were also studied. The digestibility of the 
samples was evaluated through BMP analysis. 
3.2 Materials and Methods 
3.2.1 Materials 
Optimization of the pre-treatment for the maximum solubilization was performed with 
WAS samples taken from Adelaide Pollution Control Plant (thereafter named as ADE-
WAS) through a full factorial experimental design with 27 runs. The ADE-WAS samples 
were taken from rotary drum thickeners every two weeks in order to maintain consistency 
and sample freshness and stored at 4 oC prior to the experiments. Optimized conditions 
were then applied to treat seven different sludge samples. The pre-treated samples at the 
optimized operating conditions were analyzed through BMP test to determine the 
possible relation between solubilization and biodegradability.  
The ADE-WAS sample and six other sludge samples (3 primary, 2 WAS, 1 digestate) 
from five different wastewater treatment plants were then used for the anaerobic 
digestibility test. The WAS samples were taken from Adelaide (ADE-WAS) and Oxford 
Pollution Control Plants (thereafter named as OX-WAS) in London, Ontario and town of 
St. Mary’s, Ontario (thereafter named as SM-WAS). Primary sludge samples were taken 
from Adelaide (thereafter named as ADE-PS) and Pottersburg Pollution Control Plants 
(thereafter named as PO-PS) in London, Ontario. Sieved sludge (thereafter named as S-
PS), which is a primary sludge generated by a rotating belt filter as an alternative to 
primary sedimentation, was collected from Pottersburg Pollution Control Plant. Finally, a 
digested sludge sample (thereafter named as G-D) collected from an anaerobic digester at 
Guelph Wastewater Treatment Plant, Guelph, Ontario was used as a reference. 
The pH of sludge was controlled by adding 1 N sodium hydroxide (NaOH) or 1 N 
sulfuric acid (H2SO4). The acid and base were obtained from Caledon and Sigma-
Aldrich, respectively. All other chemicals used for analysis were purchased from Sigma-
Aldrich. The modified Lowry protein assay kit including the reagent (containing cupric 
sulfate, potassium iodide, and sodium tartrate in an alkaline sodium carbonate buffer), 2N 
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Folin-Ciocalteu reagent and standard solution of bovine serum albumin were purchased 
from Thermo Scientific. 
3.2.2 Thermal Pre-Treatments 
Thermal treatments were carried out at 40, 60 and 80 oC and different treatment times (1, 
3 and 5 hr) on ADE-WAS sample. The experiments were performed in a 100 mL stirred 
batch reactor (Parr 4590 Micro Bench top reactor). A schematic diagram of the reactor is 
shown in Figure 3.1. In a typical experiment, approximately 70 g of sludge was fed into 
the reactor. In the acidic or basic conditions, the pH was adjusted by addition of 3.5 to 6.5 
ml 1N acid or base solution, respectively. The pH of raw sludge before adding acid/base 
was around 7.6. The reactor was then sealed and the residual air inside the reactor was 
removed by purging with nitrogen for at least five times. It was then heated with stirring 
to the desired temperature. Once temperature was reached, treatments lasted for 1 hr, 3hr 
or 5 hr. The reaction was stopped by quenching the reactor in a water/ice bath. Each 
experiment was run in duplicate and the standard deviations of the measured variables 
were less than ±4%. 
 
 
Figure  3.1: Schematic diagram of the batch reactor, PG = pressure gage, M = mixer 
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3.2.3 Biochemical Methane Potential Test 
Biochemical methane potential (BMP) was measured using an automatic test system 
AMPTS II (Bioprocess Control, Sweden). Since the optimum pH for methanogenic 
bacteria is between 6.6 and 7.6, pH of all samples was adjusted before the BMP test by 
adding appropriate volume of 1 N sodium hydroxide (NaOH) or 1 N sulfuric acid 
(H2SO4). The batch anaerobic reactors were seeded with digestate (VS ~1.1%) collected 
from Guelph wastewater treatment plant, Ontario, and fed with respective pretreated 
substrate (e.g. ADE-WAS, OX-WAS, SM-WAS, ADE-PS, PO-PS, S-PS and G-D) at a 
substrate to inoculum ratio of approximately 1:3 on a mass VS basis. Untreated samples 
were used with seed as the control and seed alone used in the blank to account for the 
background methane produced by the seed. The BMP test was conducted in triplicate at 
37 oC for approximately 20 days. 
Modeling of the BMP curve was performed to extract the hydrolysis rate coefficient 
(khyd) and degradability (fd) by fitting them using Graphpad Prism model.9 Degradability 
is the percentage of the organics that can be effectively destroyed during digestion and 
shows the feasibility of the process. The first order hydrolysis rate coefficient is the speed 
at which materials break down and is used to predict the digester size.21 
Y୆୑୔ ൌ fୢ୶ሺ1 െ eି୩୶ሻ          (3.1) 
Where Y୆୑୔	is the biochemical methane potential,	fୢ୶ is methane produced by time x or 
the degradability, k is the hydrolysis rate coefficient and x is time. 
3.2.4 Samples Analyses 
After each experiment, the reactor contents were separated into four fractions for 
analyses: 
 The particulate (total) fraction or the sludge collected after the experiment without any 
further treatments; 
 The soluble fraction that was obtained after centrifugation of 10 ml of the pre-treated 
sludge at 4500 rpm for 10 min and then filtration through 0.45 µm membrane filters; 
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 The bound or labile fraction that was obtained by centrifuging 5 ml of the pre-treated 
sludge at 4500 rpm for 10 min. The centrate was removed and the solids were 
resuspended to a total volume of 50 ml with pH 8 phosphate buffer (50 mM). The 
solution was then mixed at 1500 rpm for 10 min using a magnetic stirrer. It was then 
centrifuged at 4500 rpm for 10 min following by a filtration by 1.2 µm filter paper and 
the filtrate was collected as the bound fraction.22 
 The tightly bound fraction that was obtained by centrifuging 5 ml of the reactor 
contents at 4500 rpm for 10 min. The centrate was removed and the solids were 
resuspended to a total volume of 50 ml with 1N sodium hydroxide solution. The 
solution was then mixed at 500 rpm for 2 hrs using a magnetic stirrer. It was 
centrifuged at 4500 rpm for 10 min following by a filtration by 1.2 µm filter paper and 
the filtrate was collected as the tightly bound fraction.22 
The pH of samples before and after each experiment was measured by the electric probe 
of SI Analytics potentiometric titrator (TitroLine® 7000). Physico-chemical analyses 
including total solids (TS), volatile solids (VS), total and volatile suspended solids (TSS 
and VSS) and total oxygen demand (TCOD) were performed on each fraction and soluble 
oxygen demand (SCOD) were done on soluble fraction. All the analyses were performed 
according to the Standard Methods.23 
Protein concentrations of total sludge, soluble, bound and tightly bound fractions were 
determined using Thermo-Scientific protein kit based on modified Lowry et al. method.24 
The color developed was measured spectrophotometrically at 750 nm using a Thermo 
Scientific Evolution 220 UV-Visible spectrophotometer. Soluble and total carbohydrate 
concentrations were determined according to the phenol–sulfuric acid method.25 The 
absorbance of the digested sample was measured using the spectrophotometer at 490 nm. 
Total lipids concentrations were measured based on Bligh & Dyer method using 
methanol-chloroform solution.26 
Elemental analysis (CHNS) of the soluble phase was performed on a Flash EA 1112 
analyzer (Thermo-Scientific), employing 2,5-Bis (5-tert-butyl-benzoxazol-2-yl) 
thiophene (BBOT) as the calibration standard. The composition of oxygen was calculated 
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by difference (100% - C% - H% - N% - S% - ash%). The soluble phase was separated 
after centrifugation of reactor contents and filtration through 0.45 µm membrane filters. 
The solids remained on the filter paper were dried in an oven at 105 oC over night for 
CHNS analysis. The Fourier transform infrared spectrometer (FT-IR) analyses were 
conducted on a PerkinElmer FT-IR spectrometer (Model: LR 64912C) and the spectra 
were recorded in the region of 4000-550 cm-1. 
COD and VSS solubilization as a result of treatments were calculated as follows: 
ܥܱܦ	ݏ݋݈ݑܾ݈݅݅ݖܽݐ݅݋݊ ൌ 	 ௌ஼ை஽೟ିௌ஼ை஽బ்஼ை஽బ ൈ 100       (3.2) 
ܸܵܵ	ݏ݋݈ݑܾ݈݅݅ݖܽݐ݅݋݊ ൌ ௏ௌௌబି௏ௌௌ೟்ௌௌబ ൈ 100       (3.3) 
where the subscripts refer to the untreated samples (0) and treated samples (t). 
3.2.5 Experimental Design 
In the present work, a 33 full factorial design (three variables at three levels, a total of 27 
experiments) was used to determine the effects of three independent variables 
(temperature, residence time and initial pH) on organic matter solubilization of ADE-
WAS in order to investigate the individual factors affecting solubilization and to study 
the interactions among the variables. Since SCOD is the main parameter for evaluation of 
sludge particulate matter and the level of sludge solubilization and hydrolysis 18,27, COD 
solubilisation was treated as major output. The factors and levels used in these 
experiments are presented in Table 3.1. For statistical analysis, variable levels were 
normalised to -1 (low), 0 (central), and 1 (high) according to the following formula. 
ݔ௜ ൌ ு௜ା௅௢ଶ ൅ ௜ܺ
ு௜ି௅௢
ଶ          (3.4) 
where Hi is the un-coded high level and Lo is the un-coded low level of the variable. 
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Table  3.1: The factorial design variables and levels 
Experimental variables Symbol Levels -1 0 1 
Temperature (oC) X1 40 60 80 
Residence time (hr) X2 1 3 5 
pH X3 4 7 10 
 
Design Expert software version 7.0 and Minitab software version 16 were used to 
perform the statistical analysis, fit the experimental data and response optimization. 
3.3 Results and Discussion 
3.3.1 Optimization of Thermal Pre-Treatments 
3.3.1.1 Sludge Characterization 
The average characteristics of the collected ADE-WAS samples for experimental design 
experiments are listed in Table 3.2. As can be seen in this table, around 70% of the 
volatile solid contents are proteins and carbohydrates. Characteristics of WAS samples 
collected from open literature are also listed in Table 3.2 for comparison. It can be seen 
that the characteristics if WAS used in the work compares well with literature values 
although some of the parameters such as pH, TS, total and soluble protein are in the 
higher range. 
 
Table  3.2: Average of characteristics of collected ADE-WAS sample 
Parameter 
Value 
Ref. WAS used in the 
experiments 
WAS used in 
literature 
pH  7.76 ± 0.11 6.8-7.1 28 
TS (%)  3.91 ± 1.80  1.5-4.4 4,29 
VS (%)  2.85 ± 1.30 1.1-3.3 4,29 
TCOD (g/L)  52.40 ± 4.39 21.0-62.0 4,17 
SCOD (g/L)  0.98 ± 0.20 1.4-2.8 4,17 
Total Protein (g/L)  15.20 ± 0.39 2.8-15.7 7,28 
Soluble Protein (g/L)  0.68 ± 0.01 0.05-0.45 7,17 
Total Carbohydrates (g/L)  4.09 ± 1.20 0.62-6.2  7,28 
Soluble Carbohydrates (g/L)  0.21 ± 0.01 0.1-0.31 17,29 
Total Lipids (%)  3.09 ± 0.09 5-12 30 
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The pH of the samples was measured before and after thermal pre-treatments. For 
alkaline and neutral conditions pH was found to decrease after the pre-treatment. For 
alkaline treatments the drop in pH was greater (from 10.1 to around 8.7) compared to 
neutral conditions (from 7.6 to around 7.1). An important aspect of alkali treatment is that 
the biomass itself consumes some of the alkali13 which results in pH reduction. It could 
also be linked to degradation of macromolecules into acidic compounds.29 For the acidic 
pre-treatments pH of the samples was slightly increased from 4.1 to around 4.3 after the 
experiments. This increase was attributed to desorption of proteins or volatilization of 
acidic compounds.29 
3.3.1.2 COD Solubilization and Solids Reduction 
Table 3.3 shows the design of the experiments and the impact of different pre-treatment 
conditions on SCOD and VSS solubilization of ADE-WAS. After all the pre-treatments, 
the total COD in the pretreated sludge remained almost constant compared to the 
untreated sludge. All pre-treatments resulted in increased COD solubilization (between 2 
and 20%) compared to the untreated sludge which is similar to the results found in 
previous pre-treatment studies with the same treatment temperature range;2,8,18 The 
increase in SCOD as a result of pre-treatment originates from the disruption of WAS 
microbial cells and release of organic compounds such as proteins, carbohydrates and 
lipids.3,8 VSS solubilization is in the same range as COD solubilization and changes from 
0.45 to 38%. The difference between the VSS and COD solubilization might be due to 
the different particle sizes defined for VSS and SCOD calculations. VSS represents the 
particle sizes greater than 1.2 µm, while SCOD represent the particle soluble COD with 
sizes less than 0.45 µm. The particles with the size range less than 1.2 µm and greater 
than 0.45 µm are considered as colloidal particles. When VSS solubilization is greater 
than COD solubilization, suspended solids are transferred into colloidal fractions which 
are not completely solubilized. This was also confirmed during the filtration of the sludge 
for separating the soluble phase. After centrifugation of the sludge, it was first filtered by 
using 1.2 µm filters and then the filtrate was passed through 0.45 µm membrane filters. 
Filtration of this solution was very difficult even for the thermally treated sample, 
suggesting the presence of a large volume of colloidal particles (0.45 µm < d < 1.2 µm). 
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On the other hand, larger COD solubilization indicates the solubilization of colloidal 
particles that are not included in VSS measurements. It also suggests that the increased 
soluble material was most likely recalcitrant in nature or are non-biodegradable which 
will be discussed later.31 For both VSS and COD, higher temperatures relatively 
increased the degree of solubilization. Also at the same treatment temperature and time, 
solubilization in alkali condition was higher than acidic or neutral conditions. 
 
Table  3.3: The experimental design and the results 
 Variables in uncoded/original units 
 Experimental results 
No. Temp. (oC) 
Residence 
time (hr) pH 
 SCODt-SCOD0 (mg/l) 
COD 
solubilization 
(%) 
VSS0-VSSt (mg/l) 
VSS 
solubilization 
(%) 
1 40 1 4  1200 2.59 5900 13.29 
2 40 1 7  1120 2.42 200 0.45 
3 40 1 10  6960 15.01 6400 14.41 
4 40 3 4  3120 6.73 1400 3.15 
5 40 3 7  3720 8.02 1334 3.00 
6 40 3 10  6800 14.67 7000 15.77 
7 40 5 4  2000 4.31 3900 8.78 
8 40 5 7  3560 7.68 3600 8.11 
9 40 5 10  8280 17.86 8600 19.37 
10 60 1 4  4080 6.98 5700 12.93 
11 60 1 7  6040 10.34 4200 9.52 
12 60 1 10  7780 13.31 9600 21.77 
13 60 3 4  4960 8.49 4400 9.98 
14 60 3 7  7320 12.53 4000 9.07 
15 60 3 10  10160 17.39 7800 17.69 
16 60 5 4  4540 7.77 7600 17.23 
17 60 5 7  8980 15.37 8000 18.14 
18 60 5 10  10280 17.59 9600 21.77 
19 80 1 4  3680 6.82 7200 15.69 
20 80 1 7  7000 12.98 3400 7.41 
21 80 1 10  9560 17.73 15200 33.12 
22 80 3 4  4720 8.75 6600 14.38 
23 80 3 7  8120 15.06 5000 10.89 
24 80 3 10  10120 18.77 17200 37.47 
25 80 5 4  4440 8.23 7400 16.12 
26 80 5 7  8480 15.73 10000 21.79 
27 80 5 10  10920 20.25 17800 38.78 
 
3.3.1.3 Determination of Factors Affecting COD Solubilization 
The effects of single variables (temperature, pH and treatment time) on COD and VSS 
solubilization are shown as main effects plots (Figure 3.2 a and b), and the results of the 
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ANOVA shown in Table 3.4. Figure 3.2 depicts the response mean for each variable 
level connected by a line when other variables are constant (without considering the 
interaction effects). According to Figure 3.2 a all three variables show a positive main 
effect for COD solubilization, implying that increasing each of temperature, time and pH 
when other parameters are kept constant enhances solubilization of organic matters in the 
sludge. However, according to Figure 3.2 b only temperature and pH have an effect on 
VSS solubilisation. Three hours of reaction time and neutral pH seem to have the lowest 
mean VSS solubilization, indicating that at these conditions, most of the solubilized 
organics are in the colloidal fraction which is not included in VSS calculations.  
The analysis of variance (ANOVA) presented in Table 3.4 shows almost all observed 
variance can be represented by the model (R2=0.92). All three factors (temperature, time 
and pH) were found to have significant effects on COD solubilization. Interaction, 
polynomial, and quadratic effects were not significant, but the interaction quadratic effect 
of Time.pH2 was found to have a significant effect, noting that due to normalisation of 
the coded variables, pH2 will be either 0 or 1, for coded pH values of 0 or -1,1 
respectively. 
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Figure  3.2: Main effects plots for (a) SCOD and (b)VSS solubilization 
 
Table  3.4: ANOVA for the model for COD solubilization considering only 
significant effects and interactions 
Source Sum of squares Degrees of freedom Mean square F p-Value 
Model 649.6 4 162.4 67.55 < 0.0001 
Temperature 109.7 1 109.7 45.61 < 0.0001 
Time 39.4 1 39.4 16.36 0.0005 
pH 469.3 1 469.3 195.21 < 0.0001 
Temperature ൈ pHଶ 28.3 1 28.3 11.77 0.0024 
Residual 52.9 22 2.4   
Total 702.5 26    
 
The reduced cubic regression model equation (third order polynomial) based on the 
values of the experimental factors as provided in Table 3.4 is shown below. This equation 
relates the COD solubilization (%) in percentage as a function of temperature (oC), 
residence time (h), and initial pH of the solution (coded -1, 0, 1) as below: 
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݌ܪ െ 2.66 ൈ ݐ݁݉݌݁ݎܽݐݑݎ݁ ൈ ݌ܪଶ       (3.5) 
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3.3.1.4 Response Surface Plots and Optimization of Process Conditions 
The three dimensional plots and contour plots for COD solubilization are shown in 
Figure 3.3 a, b and c. Figure 3.3 a shows the interaction between temperature and time at 
constant pH of 10. Solubilization shows an increasing trend with temperature and 
reaction time. The maximum COD solubilization occurs when temperature is around its 
highest value (80 oC) and reaction time is close to 5 hrs. 
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Figure  3.3: Three dimensional response surface and contour plots for COD 
solubilization at (a) constant pH (10), (b) constant temperature (80 oC) and (c) 
constant time (5 hrs) 
 
Figure 3.3 b represents the interaction between pH and reaction time at constant 
temperature of 80 oC. As the pH of the solution increases, COD solubilization increases 
and again it shows same trend for reaction time. The maximum solubilization in this case 
occurs at alkaline pH and at around five hours. In Figure 3.3 c the effect of temperature 
and pH at constant reaction time of 5 hrs is shown. Increasing both the parameters 
enhances solubilization of organics. 
Based on the results, an optimization was performed by Design Expert software to 
maximize the solubilization of the treated sludge. The recommended optimal conditions 
are 80 oC, 5 hrs residence time, and pH =10 which is the same operating condition as 
experiment No. 27 in Table 3.3. The percentage of COD solubilization at optimum 
operating condition predicted to be 19.96 % by the software which is very close to the 
experimental value of 20.25 % in Table 3.3. Thus the predicted values and experimental 
results are in good agreement. As such, the recommended optimum conditions by Design 
Expert software can be validated. 
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Similar results for the effects of temperature, residence time and pH have been reported 
by other researchers. For example, Rani et al. found that temperature (60-80 oC), plays an 
important role in enhancing COD solubilization of dairy waste activated sludge.18 
Bougrier et al. and Valo et al. also reported a constant rise in SCOD of waste activated 
sludge when the treatment temperature was increased from 170 to 190 oC and 130 to 170 
oC, respectively.14,29  
The positive effect of increasing the reaction time on COD solubilization was also seen 
by Rani et al.18 where SCOD increased with time up to 24 hours for thermal 
solubilization of WAS at 6, 9, 12, 24, 36 and 48 h and alkaline conditions (pH 10 to pH 
12).  
The effects of pH on SCOD concentration and hydrolysis of WAS was investigated by 
Chen et al.27 They reported an increase in sludge hydrolysis with pH and found 
significantly higher SCOD at alkaline pH compared to near neutral or acidic pH, which 
was also confirmed by Rani et al.18 At alkaline pH saponification of lipids in the cell 
walls may occur, which results in solubilization of membrane and leakage of intracellular 
material out of the cell.32 Moreover, the alkaline pH leads to dissociation of acidic groups 
in EPS and creation of electrostatic repulsion between the negatively charged EPS, which 
causes desorption of some parts of the extracellular polymers and increased solubility of 
organic matter in water.32,27 Strong alkali may solubilize EPS not only because of 
chemical degradation, but also because of the ionization of the hydroxyl groups resulting 
in extensive swelling and subsequent solubilization.1 On the other hand, the main reaction 
that occurs when acid is added to the sludge is the hydrolysis of polysaccharides into 
perspective monosaccharides and conversion of organics from the solid to the liquid 
phase. Polysaccharides are generally unstable in strong acids which results in acid 
hydrolysis of glycosidic linkages; however, they are stable towards degradation in 
alkaline conditions especially at high temperatures.1 Strong acid conditions may result in 
production of inhibitory by-products such as furfural and hydroxymethylfurfural 
(HMF).13,2,7 
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3.3.2 Effects of Different Sludge Types at the Optimal Operating 
Conditions 
Different sludge samples collected from various wastewater treatment plants were treated 
at the optimal operating conditions. The characteristics of these samples and their 
solubilization after the treatments are reported in Table 3.5. The highest VSS 
solubilization occurred for the primary sludge collected from Pottersburg treatment plant 
(PO-PS), although the SCOD increase did not correspond with the VSS reduction 
probably due to more colloidal particles formed after pre-treatment. The high VSS 
solubilization for the primary sludge is in agreement with an earlier work of Aldin et al.33  
Primary sludge is easily biodegradable since it consists of more easily digestible 
carbohydrates and fats, compared to activated sludge which consists of complex 
carbohydrates, proteins and long chain hydrocarbons. Interestingly, sieved primary 
sludge (S-PO-PS) did not show similar degree of solubilization as compared to primary 
clarifier sludge. Also treatments seem to be quite effective for COD and VSS 
solubilization of two WAS samples collected from the City of London. While VSS 
reduction was low for WAS from St. Mary’s plant, the SCOD was higher indicating the 
presence of higher amounts of colloidal particles in the sludge. The ratio of % SCOD 
change to % VSS change after treatment varies from 0.24-2.13, depending on the source 
of sludge (different plants), rather than the locations within a plant (primary or 
secondary) indicating uncertain nature of the problem. 
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Table  3.5: Solubilization of different sludge types at the obtained optimum 
operating conditions 
Characteristics ADE-WAS OX-WAS SM-WAS ADE-PS PO-PS S-PS G-D 
Untreated sample        
TS (%)  4.01 3.66 4.78 2.95 3.09 3.82 1.12 
VS (%)  2.94 2.55 3.54 2.59 2.62 3.46 0.67 
TCOD (g/l)  52.40 44.79 66.10 49.49 47.40 49.89 10.10 
SCOD (g/l)  0.98 2.40 1.98 4.90 6.42 4.64 1.24 
Treated sample        
SCODt-SCOD0 (mg/l) 10920 11780 17980 9000 4960 3480 1860 
COD Solubilization (%) 20.25 26.27 27.18 18.20 10.46 6.97 18.56 
VSS0-VSSt (mg/l) 17800 18000 5800 4400 13200 6000 2000 
VSS solubilization (%) 38.78 35.86 12.78 15.17 43.42 18.44 29.41 
 
3.3.3 Proteins and Carbohydrates Solubilization 
Increase in SCOD of the treated sludge might originate from the microbial cell lysis 
resulting in release of various organic compounds. It is well known that proteins and 
carbohydrates are the main compositions of EPS of sludge.27 In this study, they 
comprised around 70% of the volatile solid contents and were possibly solubilized due to 
thermal treatments. In order to investigate the effects of thermal treatments on 
solubilization of proteins and carbohydrates, some of the primary and WAS samples were 
selected for proteins and carbohydrates analysis. Adelaide plant's WAS and primary 
sludge (ADE-WAS and ADE-PS) were selected for this purpose as well as S-PS since it 
is a primary sludge generated by an alternative method (rotary belt filtration) rather than 
primary sedimentation. 
Figure 3.4 shows the total carbohydrates concentration for ADE-WAS, ADE-PS and S-
PS before and after thermal treatment at optimum operating conditions. The total 
carbohydrates concentration has remained almost constant after the treatment, as the error 
of measure was around 10%. This means that carbohydrates did not degrade to volatile 
fatty acids (VFA) during the low temperature thermal treatment. There also seems to be 
much larger amount of total carbohydrates in primary sludge compared to WAS. It is 
already known that primary sludge contains higher amounts of carbohydrates, while 
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WAS has higher amounts of proteins and lipids.13 However, the concentration of soluble 
carbohydrates is greater in un-treated WAS compared to primary sludge (Figure 3.5). 
Thermal treatment does not show a considerable increase in soluble carbohydrates 
concentration except for S-PS sample in which the soluble carbohydrates increased from 
109 µg/ml in the un-treated sample to around 220 µg/ml in the treated one. 
 
 
Figure  3.4: Total carbohydrates concentration for the different sludge samples 
treated at optimum operating conditions (Temp.=80 oC, time = 5 hr and pH=10) 
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Figure  3.5: Soluble carbohydrates concentration for the different sludge samples 
treated at optimum operating conditions (Temp.=80 oC, time = 5 hr and pH=10) 
 
Protein content in the sludge is usually divided into different fractions such as total, 
soluble, bound and tightly bound fraction. Bound and tightly bound fractions represent 
the protein loosely attached to the microbial cell wall and the fraction inside the microbial 
cell, respectively, however the soluble proteins is the protein in the aqueous phase.8,22 
The total protein is the combination of all known and unknown protein fractions available 
in the sludge. 
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Figure  3.6: Total protein concentration for the different sludge samples treated at 
optimum operating conditions (Temp.=80 oC, time = 5 hr and pH=10) 
 
According to Figure 3.6 the total concentration of the protein for the sludge samples is 
considered to be constant before and after the thermal treatments, thus total protein 
remained unchanged at low temperature thermal treatment. Despite the greater total 
carbohydrates concentration, waste activated sludge sample showed greater amount of 
total proteins compared to primary sludge samples. It also contained more soluble, bound 
and tightly bound protein fractions according to Figure 3.7. As a result of thermal pre-
treatments the concentration of tightly bound fraction considerably decreased for all 
samples and reached to 43.4 µg/ml, 24.9 µg/ml and 113.17 µg/ml compared to 592.2 
µg/ml, 278.1 and 223.7 µg/ml in the untreated samples for ADE-WAS, ADE-PS and S-
PS, respectively. This indicates that cell lysis took place during the treatment and the 
proteins inside the cells were released and transferred from tightly bound fractions to 
soluble proteins. The treatments were more effective in releasing the tightly bound 
fraction of WAS compared to primary sludge and this trend was also observed in 
reduction of bound protein fraction which could explain the higher COD solubilization 
for WAS samples compared to primary sludge. The treatments have also resulted in 
considerable enhance in soluble protein fractions. The difference in the summation of 
tightly bound, bound and soluble fractions for treated and untreated sludge are due to the 
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presence of other unknown protein fractions that are not detected by measurements. 
Previous researchers have pointed out the effects of low-temperature treatments on 
destroying the cell walls and making the proteins accessible for biological degradation.10 
Comparing Figure 3.5 and 3.7, it can be stated that in all of the experiments, increase of 
soluble protein was much higher than soluble carbohydrates in the same operating 
condition. Bourgrier et al. suggested that carbohydrates are mainly located in the 
exopolymers of sludge structure and proteins are mainly placed inside the cells.29 It is 
also well known that both proteins and carbohydrates are the main compositions of 
EPS.27 Considering that exocellular proteins concentration exceed carbohydrates, making 
them the most abundant component of sludge EPS1, the higher concentration of soluble 
proteins compared to carbohydrates suggests that cell lysis occurred during the thermal 
treatment and the protein concentration is the sum of protein released from EPS as well 
as the cell lysis. 
 
 
Figure  3.7: Different protein fractions concentration for the different sludge 
samples treated at optimum operating conditions (Temp.=80 oC, time = 5 hr and 
pH=10) 
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3.3.4 Effects of Treatments on Sludge Functional Groups 
FT-IR analysis of the soluble phase of the selected sludge samples in the range of 4000-
550 cm-1 was performed to identify the effects of treatments on functional groups. A 
strong band at 3300 cm-1 was observed and attributed to overlapping of O–H stretch of 
bound water molecules and N-H stretch of protein group. The band located at 1640 cm-1 
was assigned to the stretching vibration of C=O and C-N (amide 1) peptidic bond of 
proteins. Since no protein degradation occurred during the treatments no peaks associated 
with amino acids or smaller fragments such as NH3 and carboxylate groups were 
observed. The same functional groups were observed for all of the selected samples. Thus 
the thermal treatments at low temperature did not affect the functional group types in 
sludge samples. 
3.3.5 Elemental Analysis of the Sludge Samples 
CHNS analysis was performed on the suspended solids fraction of the sludge samples. 
Table 3.6 shows the results for selected sludge samples. 
 
Table  3.6: CHNS results for selected sludge samples 
Samples  C (%) H (%) N (%) S (%) 
ADE-WAS Un-treated 35.84 5.37 6.20 0.91 Treated 27.58 4.15 3.13 0.57 
ADE-PS Un-treated 47.25 7.07 2.21 0.22 Treated 45.41 6.68 1.27 0.22 
S-PS Un-treated 46.01 6.86 1.59 0.22 Treated 44.39 6.68 0.75 0.12 
 
A slight decrease of sulfur in treated samples compared to the untreated sludge indicates 
the release of sulfur components to the soluble phase. It is also possible that the sulfur has 
been converted to ferrous sulfide (FeS) or colloidal sulfur during pre-treatment. The 
sulfur contents in the sludge are not desirable and may contribute to corrosion in 
combustion engines and lead to unpleasant odor in wastewater treatment plants when 
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converted to hydrogen sulfide (H2S) and other organosulfur compounds during anaerobic 
digestion.8,17 The nitrogen content of the treated samples also decreased compared to 
untreated samples. This shows that nitrogen has been transferred to the soluble phase 
when the samples were thermally treated. As the proteins are the primary source of 
nitrogenous compounds, this suggests that proteins were solubilized during the pre-
treatments. The decreased carbon content of the treated samples indicates solubilization 
of carbohydrates as a result of thermal treatments.  Higher reduction of C, H, N and S 
elements for ADE-WAS treated sample compared to ADE-PS and S-PS confirms the 
higher VSS solubilization for ADE-WAS (38.78%) compared to ADE-PS (15.17%) and 
S-PS (18.44%) in Table 3.3 as these elements are representing the volatile matter content 
of the sludge. 
3.3.6 Impact of Treatments on Methane Potential 
The seven sludge samples treated at optimum operating conditions were analyzed for 
methane production through BMP test, which represent anaerobic digestibility of sludge. 
Since the highest working rate for methanogenesis in anaerobic reactor is at the neutral 
pH, the pHs of the samples were adjusted to neutral by adding 1 N sodium hydroxide 
(NaOH) or 1 N sulfuric acid (H2SO4). The BMP graph is presented in Figure 3.8. 
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Figure  3.8: Methane potential comparison for sludge samples (dashed lines 
represent the un-treated samples and solid lines represent the treated sample)  
 
For better comparison of the graphs, modeling of the BMP curve was performed to 
extract the hydrolysis rate coefficient (khyd) and degradability (fd) and the results are 
presented in Table 3.7. 
 
Table  3.7: Hydrolysis rate coefficients and degradability determined using 
parameter estimation methods 
Parameters ADE-WAS OX-WAS SM-WAS ADE-PS PO-PS S-PS G-D 
fd  
Un-Treated 293.3+11.1 189.6+14.0 176.3+10.1 489.5+15.9 479.6+ 15.5 498.4+ 45.3 159.5+ 32.1 
Treated 305.3+20.5 197.6+4.2 184.5+11.3 505.8+17.2 437.5+ 21.4 333.2+ 68.4 127.1+ 5.3 
khyd  
Un-Treated 0.029 0.017 0.013 0.015 0.019 0.015 0.008 
Treated 0.034 0.039 0.033 0.017 0.023 0.023 0.045 
 
The degradability of the samples which is translated to final methane production does not 
show significant improvement in the treated samples compared to the untreated sludge. It 
actually reduced for the S-PS sludge treated at the earlier optimized conditions. This 
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might be due to the fact that the operating conditions were optimized based on WAS and 
not on primary sludge indicating how the nature of sludge determines the outcome.  
However, the hydrolysis rate coefficient of the treated samples was between 1.1 and 2.5 
times higher than that of the untreated sludge. Even for the G-D sample it increased more 
than five times compared to the un-treated G-D. This could be due to the production of 
easily biodegradable COD as a result of treatments. The results indicate that thermal pre-
treatment enhanced the hydrolysis, which is a rate-limiting step in AD, but did not 
improve the degradation extent. 
Previous studies suggest that solubilization of particulate proteins as a result of pre-
treatment will enhance  the subsequent digestion of sludge samples since protein is the 
least biodegradable component of the sludge compared to carbohydrates and lipids.10,18 In 
our study, increased protein solubilization did not result in improved methane production 
from the treated samples. While the COD solubilization was enhanced for the all sludge 
samples, it is likely that the thermal pretreatment was solubilising particulate material 
which would otherwise been more slowly degradable (hence the increase in hydrolysis 
coefficient). Another possibility is formation of non-degradable materials such as dioxins 
has also been reported previously.19,34 In our case, it is less likely for dioxins to form as 
they are associated with the presence of oxygen and high temperature treatments (T > 100 
oC).3,35 However, melanoids can start forming at temperatures lower than 100 oC (even at 
room temperature) and longer reaction times (from hours to days) and are distinguishable 
by their brownish color, which was observed in the soluble phase after the 
experiments.13,35 
Presence of various cationic elements such as Na+ from degradation of organic matter or 
addition of chemicals for pH adjustment can also be toxic or inhibitory for the activity of 
microorganisms when present in high concentrations.5 High concentrations of sodium 
between 3500 and 5500 mg/l inhibit the activity of microorganisms and interfere with 
their metabolism.5 However, for our case the sodium concentration added for pH 
adjustment was less than 2400 mg/l and no inhibition during BMP test was observed. 
Thus, it could be concluded that formation of refractory components during the pre-
treatments as well as solubilization of non-biodegradable organics or transformation of 
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organics into other products such as CO2 have led to the same or even reduced methane 
production during BMP test. 
Previous studies on the effects of different kinds of pre-treatment on methane production 
show contradictory results. Although improvement in solubilization has been noted in 
every case, the results for biodegradability are very diverse. Some have observed an 
increase in biodegradability and suggested a linear relation between solubilization and 
biodegradation36, while others have shown no effect or even detrimental effect of pre-
treatments due to formation of inhibitory intermediates.12 For example, Appels et al. 
obtained a negligible increase of biogas production from sludge pretreated at 70 oC for 60 
min.13 Pretreatment of household waste and algal biomass at 70 oC for 60 min and 8 hr, 
respectively did not report to result in enhancement of biogas production either.13 
However, Tanaka et al. observed 30% increase in methane production when treating 
WAS in alkaline condition at 60 and 80 oC.15 
The results from our work confirm that the high COD and VSS solubilization after the 
pre-treatments does not necessarily indicate an increase in methane yield. However, the 
heat treatments improved the hydrolysis rate coefficient during BMP test which could 
result in increased digester capacity. 
3.4 Conclusions 
The effects of thermal treatment on sludge solubilization and biodegradability were 
studied. The effects of experimental conditions including temperature, reaction time and 
pH of the solution on COD solubilization were investigated using full factorial design 
and the optimal conditions were determined. The following conclusions are drawn: 
 Higher temperature, longer reaction time and alkaline pH were found to be favorable 
for increased solubilization of organic matter in WAS. 
 The optimum operating conditions for maximum COD solubilization was 80 oC, 5 hrs 
and pH of 10. COD solubilization at these conditions increased by 20% with a VSS 
reduction of 44% compared to the untreated sample. 
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 Pre-treatment resulted in the release of carbohydrates and proteins to the soluble 
phase. Increase of soluble proteins was much higher than the soluble carbohydrates, as 
protein released from both EPS and the cell lysis.  
 Methane was produced at a higher rate for the thermally treated samples through BMP 
test, but ultimate methane yield was not significantly affected by the treatment. 
  
93 
 
3.5 References 
(1)  Neyens, E.; Baeyens, J.; Dewil, R.; De Heyder, B. Advanced Sludge Treatment 
Affects Extracellular Polymeric Substances to Improve Activated Sludge 
Dewatering. J. Hazard. Mater. 2004, 106 (2-3), 83–92. 
(2)  Rajan, R. V; Lin, J.; Ray, B. T. Low-Level Chemical Pretreatment for Enhanced 
Sludge Solubilization. Res. J. Water Pollut. Control Fed. 1989, 61 (11/12), 1678–
1683. 
(3)  Appels, L.; Degrève, J.; Van der Bruggen, B.; Van Impe, J.; Dewil, R. Influence of 
Low Temperature Thermal Pre-Treatment on Sludge Solubilisation, Heavy Metal 
Release and Anaerobic Digestion. Bioresour. Technol. 2010, 101 (15), 5743–5748. 
(4)  Kim, D.; Lee, K.; Park, K. Y. Enhancement of Biogas Production from Anaerobic 
Digestion of Waste Activated Sludge by Hydrothermal Pre-Treatment. Int. 
Biodeterior. Biodegradation 2015, 101, 42–46. 
(5)  Appels, L.; Baeyens, J.; Degrève, J.; Dewil, R. Principles and Potential of the 
Anaerobic Digestion of Waste-Activated Sludge. Prog. Energy Combust. Sci. 
2008, 34 (6), 755–781. 
(6)  Nielsen, H. B.; Thygesen, A.; Thomsen, A. B.; Schmidt, J. E. Anaerobic Digestion 
of Waste Activated Sludge-Comparison of Thermal Pretreatments with Thermal 
Inter-Stage Treatments. J. Chem. Technol. Biotechnol. 2011, 86 (2), 238–245. 
(7)  Devlin, D. C.; Esteves, S. R. R.; Dinsdale, R. M.; Guwy,  a. J. The Effect of Acid 
Pretreatment on the Anaerobic Digestion and Dewatering of Waste Activated 
Sludge. Bioresour. Technol. 2011, 102 (5), 4076–4082. 
(8)  Dhar, B. R.; Nakhla, G.; Ray, M. B. Techno-Economic Evaluation of Ultrasound 
and Thermal Pretreatments for Enhanced Anaerobic Digestion of Municipal Waste 
Activated Sludge. Waste Manag. 2012, 32 (3), 542–549. 
(9)  Strong, P. J.; Gapes, D. J. Thermal and Thermo-Chemical Pre-Treatment of Four 
Waste Residues and the Effect on Acetic Acid Production and Methane Synthesis. 
94 
 
Waste Manag. 2012, 32 (9), 1669–1677. 
(10)  Neyens, E.; Baeyens, J. A Review of Thermal Sludge Pre-Treatment Processes to 
Improve Dewaterability. J. Hazard. Mater. 2003, 98 (1-3), 51–67. 
(11)  Carrère, H.; Dumas, C.; Battimelli, A.; Batstone, D. J.; Delgenès, J. P.; Steyer, J. 
P.; Ferrer, I. Pretreatment Methods to Improve Sludge Anaerobic Degradability: A 
Review. J. Hazard. Mater. 2010, 183 (1-3), 1–15. 
(12)  Kondusamy, D.; Kalamdhad, A. S. Pre-Treatment and Anaerobic Digestion of 
Food Waste for High Rate Methane Production – A Review. J. Environ. Chem. 
Eng. 2014, 2 (3), 1821–1830. 
(13)  Ariunbaatar, J.; Panico, A.; Esposito, G.; Pirozzi, F.; Lens, P. N. L. Pretreatment 
Methods to Enhance Anaerobic Digestion of Organic Solid Waste. Appl. Energy 
2014, 123, 143–156. 
(14)  Valo, A.; Carrère, H.; Delgenès, J. P. Thermal, Chemical and Thermo-Chemical 
Pre-Treatment of Waste Activated Sludge for Anaerobic Digestion. J. Chem. 
Technol. Biotechnol. 2004, 79 (11), 1197–1203. 
(15)  Tanaka, S.; Kobayashi, T.; Kamiyama, K.; Bildan, M. L. N. S. Effects of 
Thermochemical Pretreatment on the Anaerobic Digestion of Waste Activated 
Sludge. Water Sci. Technol. 1997, 35 (8), 209–215. 
(16)  Rafique, R.; Poulsen, T. G.; Nizami, A. S.; Asam, Z. U. Z.; Murphy, J. D.; Kiely, 
G. Effect of Thermal, Chemical and Thermo-Chemical Pre-Treatments to Enhance 
Methane Production. Energy 2010, 35 (12), 4556–4561. 
(17)  Dhar, B. R.; Elbeshbishy, E.; Hafez, H.; Nakhla, G.; Ray, M. B. Thermo-Oxidative 
Pretreatment of Municipal Waste Activated Sludge for Volatile Sulfur Compounds 
Removal and Enhanced Anaerobic Digestion. Chem. Eng. J. 2011, 174 (1), 166–
174. 
(18)  Uma Rani, R.; Adish Kumar, S.; Kaliappan, S.; Yeom, I. T.; Rajesh Banu, J. Low 
Temperature Thermo-Chemical Pretreatment of Dairy Waste Activated Sludge for 
95 
 
Anaerobic Digestion Process. Bioresour. Technol. 2012, 103 (1), 415–424. 
(19)  Ferrer, I.; Ponsá, S.; Vázquez, F.; Font, X. Increasing Biogas Production by 
Thermal (70 °C) Sludge Pre-Treatment prior to Thermophilic Anaerobic 
Digestion. Biochem. Eng. J. 2008, 42 (2), 186–192. 
(20)  Gavala, H. N.; Yenal, U.; Skiadas, I. V.; Westermann, P.; Ahring, B. K. 
Mesophilic and Thermophilic Anaerobic Digestion of Primary and Secondary 
Sludge. Effect of Pre-Treatment at Elevated Temperature. Water Res. 2003, 37 
(19), 4561–4572. 
(21)  Jensen, P. D.; Ge, H.; Batstone, D. J. Assessing the Role of Biochemical Methane 
Potential Tests in Determining Anaerobic Degradability Rate and Extent. Water 
Sci. Technol. 2011, 64 (4), 880–886. 
(22)  Higgins, M. J.; Adams, G.; Chen, Y.-C.; Erdal, Z.; Forbes, R. H.; Glindemann, D.; 
Hargreaves, J. R.; McEwen, D.; Murthy, S. N.; Novak, J. T.; Witherspoon, J. Role 
of Protein, Amino Acids, and Enzyme Activity on Odor Production from 
Anaerobically Digested and Dewatered Biosolids. Water Environ. Res. 2008, 80 
(2), 127–135. 
(23)  American Public Health Association (APHA). Standard Methods for the 
Examination of Water and Wastewater; Washington, DC, USA, 1960. 
(24)  Lowry, O. H.; Rosebrough, N. J.; Farr,  a. L.; Randall, R. J. Protein Measurement 
with the Folin Phenol Reagent. J. Biol. Chem. 1951, 193 (1), 265–275. 
(25)  Webb, L. J. An Investigation into the Occurrence of Sewage Fungus in Rivers 
Containing Papermill Effluents. II. Removal of Sewage Fungus Nutrients. Water 
Res. 1985, 19 (8), 961–967. 
(26)  W.J.Dyer, E. G. B. and. A Rapid Method of Total Lipid Extraction and 
Purification. Can. J. Biochem. Physiol. 1959, 37, 911–917. 
(27)  Chen, Y.; Jiang, S.; Yuan, H.; Zhou, Q.; Gu, G. Hydrolysis and Acidification of 
Waste Activated Sludge at Different pHs. Water Res. 2007, 41 (3), 683–689. 
96 
 
(28)  Pang, L.; Ni, J.; Tang, X. Fast Characterization of Soluble Organic Intermediates 
and Integrity of Microbial Cells in the Process of Alkaline Anaerobic Fermentation 
of Waste Activated Sludge. Biochem. Eng. J. 2014, 86, 49–56. 
(29)  Bougrier, C.; Delgenès, J. P.; Carrère, H. Effects of Thermal Treatments on Five 
Different Waste Activated Sludge Samples Solubilisation, Physical Properties and 
Anaerobic Digestion. Chem. Eng. J. 2008, 139 (2), 236–244. 
(30)  Haandel, A. Van; Lubbe, J. Van Der. Handbook Biological Waste Water 
Treatment- Design and Optimisation of Activated Sludge Systems; Webshop 
Wastewater Handbook, 2007. 
(31)  Eskicioglu, C.; Kennedy, K. J.; Droste, R. L. Characterization of Soluble Organic 
Matter of Waste Activated Sludge before and after Thermal Pretreatment. Water 
Res. 2006, 40, 3725–3736. 
(32)  Neyens, E.; Baeyens, J.; Creemers, C. Alkaline Thermal Sludge Hydrolysis. J. 
Hazard. Mater. 2003, 97 (1-3), 295–314. 
(33)  Aldin, S.; Elbeshbishy, E.; Nakhla, G.; Ray, M. B. Modeling the Effect of 
Sonication on the Anaerobic Digestion of Biosolids. Energy and Fuels 2010, 24 
(9), 4703–4711. 
(34)  Mullar, J. A. Prospects and Problems of Sludge Pre-Treatment Process. Water Sci 
Technol 2001, 44 (10), 121–128. 
(35)  Nges, I. A.; Liu, J. Effects of Anaerobic Pre-Treatment on the Degradation of 
Dewatered-Sewage Sludge. Renew. Energy 2009, 34 (7), 1795–1800. 
(36)  Bougrier, C.; Delgenès, J. P.; Carrère, H. Impacts of Thermal Pre-Treatments on 
the Semi-Continuous Anaerobic Digestion of Waste Activated Sludge. Biochem. 
Eng. J. 2007, 34 (1), 20–27. 
97 
 
Chapter 4  
 
4 Hydrothermal Liquefaction of Woody Biomass in Hot-
Compressed Water: Catalyst Screening and 
Comprehensive Characterization of Bio-Oils  
 
Abstract 
Hydrothermal liquefaction of woody biomass (birchwood sawdust) with and without 
catalyst was investigated at 300 oC for 30 min. The activities of KOH, FeSO4.7H2O, 
K2CO3, MgO, synthetic hydrotalcite (HT), and ground colemanite (calcium borate 
mineral) as catalysts were compared. The alkaline catalysts (KOH, K2CO3 and 
colemanite) showed the best performance considering the oil yield and solid residue 
yield. The bio-oil yield with KOH was increased to around 40 wt%, more than double the 
yield of the un-catalyzed operation (~18 wt%). It also reduced the solid residue yield 
from approx. 33 wt% to 12 wt%. Among all catalysts tested, the least active catalysts for 
bio-oil production are FeSO4 and MgO. The bio-oil products were comprehensively 
characterized using an elemental analyzer, GC-MS, FT-IR, GPC and TGA. Occurrence 
of phenol derivatives (mainly 2-methoxy-phenol) and aliphatic compounds increased 
significantly in presence of catalysts, especially the alkaline ones such as HT and KOH. 
The GPC results indicate that the oils produced in the presence of catalysts have very 
similar molecular weights and distribution, which are slightly greater than the oil 
produced in absence of any catalyst, suggesting that the presence of a catalyst promoted 
certain condensation/polymerization of the reaction intermediates during the HTL 
process. The TGA results show that all bio-oils are similar with respect to thermal 
stability, irrespective of the presence or type of catalyst. 
 
Keywords: Biomass, Hydrothermal liquefaction, Catalyst screening, Bio-oil, 
Characterization.  
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4.1 Introduction 
The declining fossil fuel reserves and increasing concerns over greenhouse gas emissions 
and climate change have led to a worldwide interest in seeking alternatives to fossil 
resources for energy and chemical production. Biomass is a sustainable alternative to 
fossil fuels for fuels and chemicals due to its abundance and renewability.1–3 However, 
biomass has a low energy density based on either volume or mass, e.g., its high heating 
value (HHV) (dry basis) is only 15-20 MJkg. Thus, a proper conversion method is 
required to densify biomass into gaseous or liquid bio-fuels. Hydrothermal liquefaction 
(HTL) is one of the promising techniques for conversion of biomass into bio-fuels. This 
process operates at high pressure (5-20 MPa) and high temperature (< 400oC) and uses 
water as solvent, mostly in subcritical or near critical conditions (T < 374 oC and P < 22.1 
MPa).4–6 Water at elevated temperature and pressure (i.e., hot-compressed water) has 
remarkable properties. The dielectric constant of water affecting its polarity decreases 
significantly compared to ambient water. This increases the solubility of hydrophobic 
organic materials such as free fatty acids, which are normally more soluble in non-polar 
solvents.7,8 Furthermore, the ionic product of water at hot-compressed conditions 
increases, which releases more H+ and OH- in water promoting the acid or base-catalyzed 
reactions such as hydrolysis of cellulose, hemi-cellulose and lignin.7 These characteristics 
of subcritical water play important roles in hydrothermal liquefaction of biomass. 
Biomass in HTL is mostly converted to bio-oil, water-soluble product (WSP), bio char, 
and non-condensable gases. The characteristics and yields of the products highly depend 
on HTL operating conditions such as type of biomass, biomass to water ratio, 
temperature, pressure, residence time, process gas, and presence or absence of catalyst. 
It has been widely demonstrated in many studies that use of a catalyst in HTL of biomass 
could effectively promote liquefaction efficiency leading to higher biomass conversion 
and bio-oil yields as well as improved oil quality (heating values).9–12 Different kinds of 
homogeneous and heterogeneous catalysts have been employed in hydrothermal 
liquefaction process, but the most common catalysts used are alkaline solutions, e.g. 
Na2CO3, NaOH, K2CO3, KOH, LiOH, RbOH, and CsOH.1,2,13 Karagoz et al. studied the 
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effects of using K2CO3 as an alkaline homogeneous catalyst in hydrothermal liquefaction 
of pinewood sawdust in a 200 ml autoclave reactor at 280 oC and 15 min residence time.9 
The bio-oil yield without catalyst was reported to be as low as 8.6 wt%, while by using 
0.94 M of K2CO3 solution the bio-oil yield increased to 33.7 wt%. Zou et al. studied the 
effects of Na2CO3 on HTL of microalgae, where the biomass conversion and bio-oil yield 
were found to increase with increasing the catalyst dosage.14 A few acid catalysts have 
also been tested for direct liquefaction of biomass. Ross et al. studied the effects of 
different organic acid and alkali catalysts on HTL of microalgae in a 75 ml batch reactor, 
and concluded that the catalytic activities for bio-oil yields follow the order of HCOOH < 
KOH < CH3COOH < Na2CO3. The highest bio-oil yield was 27.3 wt% at 350 oC and 1 h 
residence time.10 Although homogenous catalysts are commonly believed to be more 
active than heterogeneous ones, some researchers obtained good liquefaction yields with 
heterogeneous catalysts as well.15 In a previous work from the author's research group, 
the effects of both homogeneous and heterogeneous catalysts (i.e., formic acid (HCO2H), 
KOH, and FeS) on HTL of mixtures of secondary pulp/paper mill sludge and waste 
newspaper were studied. In terms of oil yield, the catalytic activity followed the order of 
FeS > KOH > HCO2H, while in terms of biomass conversion, the order was KOH > FeS 
> HCO2H. The highest oil yield obtained was 29.9 wt% with FeS catalyst at 300 oC and 2 
MPa initial pressure of nitrogen, and 20 min reaction time.16 In another study by the 
authors’ group, a novel iron ore catalyst (heterogeneous catlsyst) was demonstrated to be 
very effective for liquefactions of peat in supercritical water.1 
Most of the research in the field of biomass HTL is focused on finding the optimum 
operating conditions such as temperature, residence time, and substrate concentration for 
maximizing bio-oil yield and suppressing char formation. Although different catalysts 
have been tested in different studies, the results are not comparable due to differences in 
operating conditions and feedstocks. Earlier, some catalyst screening researches were 
conducted on different kinds of biomass. Wang et al. studied the effects of various 
supercritical solvents and different alkali salts and acidic zeolites as catalysts on 
liquefaction of pinewood sawdust at 300oC for 2 hours and concluded that the highest 
bio-oil yield (30.8 wt%) and lowest solid residue yield (28.9 wt%) were obtained using 
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supercritical ethanol and K2CO3 catalyst.13 However, more comprehensive catalyst 
screening studies are needed for HTL of woody biomass. 
The objective of present study is thus to screen the activities of different homogeneous 
and heterogeneous catalysts for hydrothermal liquefaction of birch wood sawdust at 300 
oC for 30 min. These conditions are chosen based on many literature studies on 
hydrothermal liquefaction of woody biomass.17–21 Effects of 5 wt% KOH, FeSO4.7H2O, 
K2CO3, MgO, synthetic hydrotalcite (HT), and ground colemanite (calcium borate 
mineral) as well as a combination of a heterogeneous and homogeneous catalyst 
(HT/KOH) were studied. To the best of our knowledge, no work has been reported on 
HTL of woody biomass with hydrotalcite, or a combination of hydrotalcite and KOH. 
The aim of this work is to understand the role of catalysts and compare their effects on 
products distribution and yields, oil compositions and molecular weights, functional 
groups, boiling points, and thermal stability. Effects of different catalysts on thermal 
stability characteristics of the oils have not been reported earlier in literature. 
4.2 Materials and Methods 
4.2.1 Materials 
Birch wood sawdust was supplied from a local lumber mill in London, ON, Canada. The 
proximate and ultimate analysis results of sawdust sample are given in Table 4.1. The 
catalysts used in the experiments were reagent-grade iron (II) sulphate heptahydrate 
(FeSO4.7H2O), anhydrous potassium carbonate (K2CO3), magnesium oxide (MgO), 
synthetic hydrotalcite (HT) (CH12Al2Mg6O19.4H2O), and potassium hydroxide (KOH), all 
purchased from Sigma-Aldrich and ground colemanite (calcium borate mineral) 
(2CaO.3B2O3.5H2O) obtained from Etimine USA Inc. A combination of KOH and HT 
(HT/KOH) was also used as a mixture of homogeneous and heterogeneous catalyst. 
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Table  4.1: Proximate and ultimate analysis of birch wood sawdust 
Proximate (wt%)a  Ultimate (wt%)a  HHVd  Elemental ratio  Empirical 
VMb FCb Asha Moisture  C H N Oc  (MJ/kg)  H/C N/C O/C  Formula 
83.45 16.32 0.23 6.49  47.6 6.3 0 45.9  16.9  1.59 0 0.72  C7H11O5 
a On a dry basis; b Determined by TGA; c Calculated by difference (100% - C% - H% - N% - Ash%) 
assuming negligible sulfur content; d Higher Heating Value (HHV) calculated by Dulong formula, i.e., 
HHV (MJ/kg) =0.3383C+1.422(H-O/8) 
 
Potassium carbonate, potassium hydroxide, colemanite and iron sulphate were used as 
received. Magnesium oxide was grounded and sieved to particle diameters less than 300 
µm. Hydrotalcite was calcined for 4 hr at 450 oC with the heating rate of 10 oC/min and 
was then rehydrated with distilled water to form a soft paste. The paste was dried 
overnight in an oven at 60 oC and then crushed and sieved to particle diameters less than 
300 µm. HT/KOH was prepared by calcination of HT at 450 oC with the heating rate of 
10 oC/min for 16 hr. It was then mixed with KOH solution in distilled water with the 
weight ratio HT/K of 9/1 through incipient wetness impregnation method. 
ACS reagent-grade acetone, purchased from Caledon Laboratory Chemicals (ON, 
Canada), was used as the reactor rinsing/washing solvent for product separation. 
4.2.2 Experimental Setup 
Hydrothermal liquefaction experiments were performed in a 100 mL stirred reactor (Parr 
4590 Micro Bench top reactor). The schematic diagram of the reactor is shown in Figure 
3.1 (Chapter 3). In a typical run, 4 g biomass and 33 g water as a solvent (equal to 10 
wt% solid concentration-considering the moisture of biomass) together with 0.2 g catalyst 
(or approx. 5 wt% of biomass) were charged into the reactor. The reactor was then sealed 
and the residual air inside the reactor was removed by N2 purging-vacuuming for at least 
five times. Then the reactor was pressurized to 2 MPa using nitrogen and then heated 
with stirring to the desired temperature (300 oC). Due to the water vapor pressure, the 
reactor pressure increased as the temperature was raised to the reaction temperature. The 
average pressure inside the reactor during reaction was 90 bar. Figure 4.1 shows typical 
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temperature and pressure profiles from a typical run. As soon as the reactor reached the 
reaction temperature, it was maintained at that temperature for 30 minutes. Then the 
reaction was stopped by quenching the reactor in a water/ice bath. 2-3 replicate runs were 
conducted for all the experiments and the reported results are the mean values. The 
relative errors in all runs were mainly within ±4%.  
 
 
Figure  4.1: Temperature and pressure profiles during hydrothermal liquefaction at 
300 oC for 30 min 
 
4.2.3 Products Separation  
Figure 4.2 shows the procedure used for separating the liquefaction products, i.e., bio-oil, 
water-soluble products (WSP), solid residue (SR), and gas. After the reactor was cooled 
down to room temperature the gas in the reactor was collected into a 1.0 L gas bag for 
GC-TCD (Agilent Micro-GC 3000) analysis (120 mL air was injected into the gasbag as 
an internal standard). Then the reactor was opened and the solid/liquid products were 
rinsed from the reactor with a known volume of distilled water. The resulted suspension 
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was filtered under vacuum through a pre-weighted VWR No. 413 filter paper and the 
filtrate was collected as the water soluble product. The reactor was then further rinsed 
with reagent-grade acetone to completely remove the water insoluble materials including 
bio-oil and the residual chars adhering on the inner reactor wall by scraping with a 
spatula. The slurry and rinsing acetone were collected and filtered under vacuum through 
the same filter paper (VWR No. 413) retaining the water insoluble solids on it. The total 
solid residue was rinsed with acetone until the resulting filtrate became colorless. The 
total solid residue was then oven dried at 105 oC overnight to constant weight to 
determine the yield of solid residue and biomass conversion. The filtrate was evaporated 
under reduced pressure to remove acetone at 50 oC, and the dark color product was 
weighed and designated as bio-oil.  
 
 
Figure  4.2: HTL product separation procedure 
 
The yields of the products are then calculated based on dry, ash-free (daf) initial biomass 
as following: 
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ܻ݈݅݁݀	݋݂	ܾ݅݋ െ ݋݈݅	ሺݓݐ%ሻ ൌ ெ௔௦௦	௢௙	௕௜௢ି௢௜௟	ሺ௚ሻெ௔௦௦	௢௙	ௗ௔௙	௕௜௢௠௔௦௦	ሺ௚ሻ ൈ 100    (4.1) 
ܻ݈݅݁݀	݋݂	ܴܵ	ሺݓݐ%ሻ ൌ ெ௔௦௦	௢௙	௦௢௟௜ௗ	௥௘௦௜ௗ௨௘ି௔௦௛	ሺ௚ሻெ௔௦௦	௢௙	ௗ௔௙	௕௜௢௠௔௦௦	ሺ௚ሻ	 ൈ 100    (4.2) 
ܻ݈݅݁݀	݋݂	ܩܽݏ	ሺݓݐ%ሻ ൌ ெ௔௦௦	௢௙	௣௥௢ௗ௨௖௘ௗ	௚௔௦	ሺ௚ሻெ௔௦௦	௢௙	ௗ௔௙	௕௜௢௠௔௦௦	ሺ௚ሻ	 ൈ 100    (4.3) 
ܻ݈݅݁݀	݋݂	ܹܵܲ	ሺݓݐ%ሻ ൌ 100 െ ܻ݈݅݁݀	݋݂	ܾ݅݋	݋݈݅ െ ܻ݈݅݁݀	݋݂	݃ܽݏ െ ܻ݈݅݁݀	݋݂	ܴܵ (4.4) 
ܤ݅݋݉ܽݏݏ	ܥ݋݊ݒ݁ݎݏ݅݋݊	ሺ%ሻ ൌ 100 െ ܻ݈݅݁݀	݋݂	ܴܵ     (4.5) 
4.2.4 Analysis of Products 
Elemental analysis (CHN) of the feedstock and products were performed on a Flash EA 
1112 analyzer, employing 2,5-Bis (5-tert-butyl-benzoxazol-2-yl) thiophene (BBOT) as 
the calibration standard. The composition of oxygen was calculated by difference, 
assuming negligible sulfur in the products. The heating value was calculated based on 
Dulong’s formula.12 The compositions of gaseous products were determined using gas 
chromatograph equipped with a thermal conductivity detector (GC-TCD, Agilent Micro-
GC 3000). The mass of produced gas is calculated based on the total volume of the gas 
and vol% of each gaseous component from GC-TCD analysis, assuming ideal gas law. 
Wherein, the total volume of the gas was determined with GC-TCD by injection of a 
known volume of air as an internal standard to the gas bag containing gaseous products 
from the experiment. The bio-oil products were analyzed by a gas chromatograph-mass 
spectrometer [GC-MS, Agilent Technologies, 5977A MSD with a SHRXI -5MS column 
(30 m × 250 µm × 0.25 µm) and a temperature program of 60 oC (hold for 2 min) → 120 
oC (10 oC/min) → 280 oC (8 oC /min, hold for 5 min)]. The samples were diluted to 0.5% 
(g/g) with acetone and filtered (pore size 0.45 µm) to remove particles before analysis. 
The 1 µl sample was injected with a split ratio of 10:1. Compounds in the heavy oil were 
identified by means of the NIST Library with 2011 Update. Thermal gravimetric analysis 
(TGA) analysis of the feedstock and products was performed using a PerkinElmer Pyris 1 
TGA in a nitrogen atmosphere. The samples were heated in a N2 flow at 20 mL/min from 
40 oC to 900 oC at 10 oC /min. The Fourier transform infrared spectrometer (FT-IR) 
analyses were conducted on a PerkinElmer FT-IR spectrometer and the spectra were 
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recorded in the region of 4000-550 cm-1. The bio-oil products were analyzed by Waters 
Breeze gel permeation chromatography (GPC-HPLC) instrument (1525 binary pump, UV 
detector set at 270 nm, Waters Styragel HR1 column at 40 oC) for their average 
molecular weight and polydispersity index (PDI) using THF as the eluent at a flow rate of 
1 ml min-1 with linear polystyrene standards for the molecular weight calibration curve. 
The average molecular weights (weight-average, Mw, and number-average, Mn molecular 
weights) and polydispersity index (PDI) were obtained from the GPC profiles for the bio-
oil products. A total organic carbon (TOC) analyzer (Shimadzu TOC-ASI) was used to 
measure the total organic carbon content in water soluble products. The moisture content 
and ash content of the feedstock were determined based on ASTM E1756-08 (drying the 
samples at 105 oC for at least 12 hours) and ASTM E1755-1 (ashing the samples at 575 
oC in air for 3 hours), respectively. 
4.3 Results and Discussion 
4.3.1 Effects of Catalysts on Products Yields 
The yields of bio-oil and other products obtained from liquefaction of sawdust with and 
without catalysts are shown in Table 4.2. Since the yields of gaseous products in all of the 
experiments were minimal (in the range of 0.08-0.44 wt%), they are not included in the 
rest of the discussion. The Micro-GC analysis showed that there was no considerable 
difference in the yields of gaseous products with various catalysts used. The major 
portion of the gaseous products was carbon dioxide. Traces of carbon monoxide, 
methane, ethane, and ethylene were also observed. 
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Table  4.2: Effects of catalysts on products yields 
Catalyst Oil (wt%) Solid (wt%) WSP (wt%)a Gas (wt%) Conversion (%) 
Blank 18. 9 ± 1.7 33.4 ± 1.2 47.5 ± 3.1 0.2 ± 0.1 66.6 
HT 34.4 ± 2.8 10. 6 ± 0.2 54.8 ± 2.9 0.2 ± 0.1 89.4 
Colemanite 36.3 ± 3.2 12.1 ± 0.4 51.5 ± 2.8 0.2 ± 0.0 87.9 
K2CO3 38.5 ± 1.3 14.1 ± 0.2 47.1 ± 1.3 0.4 ± 0.1 85.9 
KOH 39.5 ± 2.8 12.0 ± 1.2 48.2 ± 3.9 0.3 ± 0.1 88.0 
FeSO4 32.0 ± 1.7 21.9 ± 0.5 46.0 ± 2.2 0.1 ± 0.0 78.1 
HT/KOH 35.9 ± 1.5 10.3 ± 0.9 53.6 ± 2.3 0.3 ± 0.2 89.8 
MgO 30.3 ± 1.1 14.2 ± 1.4 55.1 ± 0.6 0.4 ± 0.3 85.9 
  aCalculated by difference  
 
The largest fraction of the products was distributed in the water soluble phase and ranged 
from 45 to 55 wt% depending on the catalyst type. This was also reported by other 
researchers.10,22,23 Water soluble products are mainly produced due to decomposition of 
cellulose and hemicellulose.9,24 According to Table 4.2 some catalysts such as HT, 
HT/KOH, colemanite, and MgO can promote the formation of water soluble organics 
compared to the operation without catalyst. The lowest yield for WSP was in presence of 
FeSO4. Similar results were obtained by Chumpoo and Prasassarakich who observed that 
WSP plus gas formation decreased from 31.9 wt% without catalyst to 25.6 wt% with 
FeSO4 for liquefaction of sugar cane bagasse in supercritical ethanol at 290 oC for 40 
min.25 It was reported that iron catalysts such as FeSO4 improved the oil production while 
suppressing the formation of water soluble products during biomass hydrothermal 
liquefaction.2,25 One possible reason might be the potential of FeSO4 to condense lignin 
materials and thus increasing the amount of solid residues, as also observed in our 
experiments. Generally, addition of an alkali catalyst promotes the formation and 
decomposition of small fragments and thus can suppress the char or solid production.26 
Our results show that the yields of solid residues can significantly decrease from 33.4 
wt% without catalyst to around 10-14 wt% in catalytic runs except for FeSO4 (around 22 
wt%). Similar results were obtained by Wang et al. reporting a high SR yield with FeSO4 
compared to other catalysts for the liquefaction of pinewood sawdust at 300 oC.13 This 
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confirms that FeSO4 can enhance coke formation by condensing lignin materials and 
consequently lower conversions compared to other alkali catalysts. 
Table 4.2 shows that compared to the blank test (19 wt% bio-oil yield), i.e., the 
experiment without catalyst, all catalysts significantly promoted bio-oil yield (30-40 
wt%) during liquefaction. The maximum oil yield of 39.5 and 38.5 wt% was achieved in 
the experiment using KOH and K2CO3, respectively, which is more than double that 
obtained in the blank test. The yields of bio-oils obtained follow the trend: KOH > 
K2CO3 > colemanite > HT/KOH > HT > FeSO4 > MgO. 
It is well known that alkali catalysts increase the conversion of biomass, promote bio-oil 
production and inhibit the formation of char or solid residues.2,4,7,16,17,27 Basic pH 
promotes hydrolysis of lignin. Under alkaline treatment, a complex and large three-
dimensional macromolecule of lignin can be de-polymerized into small oligomers and 
even mono-cyclic molecules.7,13 Also glucose monomers, formed by the decomposition 
of carbohydrates, would further decompose into aldehydes and acids under alkaline 
conditions, subsequently increasing the formation of bio-oil.26 Among alkaline catalysts, 
potassium carbonate and hydroxide have been frequently used in HTL of woody biomass 
which were well documented in the literature as a catalyst to suppress the formation of 
char and enhance the formation of oil products.4,9,10,24,28 Zhang et al. have related the high 
activity of KOH to its high alkalinity. They reported that high alkalinity promotes the 
hydrolysis of polymers in cellulose and hemicellulose by breaking glycosidic bonds and 
in lignin by cleavage of ester and ether bonds.16 A mechanism for alkaline-promoted 
biomass liquefaction may be described as follows, modified from that originally proposed 
by Appell:28 
The hydroxyl ion reacts with CO from cellulose/hemicellulose decomposition to form the 
formate ion: 
OH- + CO  HCOO-  
Dehydration of vicinal hydroxyl groups in a carbohydrate (cellulose/hemicellulose) to an 
enol, followed by isomerization to ketone: 
CH(OH)-CH(OH)-     -CH=C(OH)- + H2O   -CH2-CO- + H2O  
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Reduction of newly formed carbonyl group to the corresponding alcohol with the formate 
ion and water: 
HCOO- + -CH2-CO-    -CH2-CH-(O-)- + CO2 
-CH2-CH-(O-)- + H2O  -CH2-CH-(OH)- + OH- 
Some researchers believe that alkaline salts such as K2CO3 are more effective than their 
hydroxides such as KOH.13,29 This is due to the reaction of CO32- ion with water to form 
base and bicarbonates. Bicarbonates can act as a secondary catalyst and promote the bio-
oil formation during HTL. Potassium salts may also accelerate the repolymerization of oil 
products, increasing the oil polarity thus facilitating the separation of oil phase and water 
phase.30 It was believed that alkaline salts catalyze biomass de-polymerization into small 
fragments by retro-aldol condensations, forming unsaturated compounds which can 
polymerize to char and tar.7 
In this research, both KOH and K2CO3 were found to be effective for enhancing bio-oil 
yield and the results are in good agreement with previous data in literature. The catalysts 
are both soluble in water and hence considered as homogeneous catalysts for HTL. 
Karagoz et al. showed that these alkaline solutions have a positive effect on hydrothermal 
liquefaction of wood biomass at 280 oC for 15 min.29 The authors reported 28.7 wt% and 
33.7wt% of bio-oil yield with 0.94 M of KOH and K2CO3 solutions, respectively 
compared to only 8.6 wt% of bio-oil yield without catalyst. However, in their study some 
of the water-soluble fractions were also referred to as oil, which is not the case in our 
study. In another research, these authors reported a dramatic increase in bio-oil yield 
from 7.7 wt% to 52 wt% by using 0.5 M K2CO3 solution as catalyst for hydrothermal 
liquefaction of cypress (soft wood) under the same operating conditions.24 Yang et al. 
also reported a significant increase in bio-oil yield from birch wood in methanol at 300 
oC for 30 min in presence of K2CO3 as catalyst. The oil yield reached to about 30 wt% 
with K2CO3 which was almost double that without catalyst.4 
As shown in Table 4.2, the colemanite also obtained a high bio-oil yield (36 wt%) in this 
study. Colemanite is a natural calcium borate mineral and consists of two main 
components: B2O3 and CaO. Tekin et al.17 used it as a catalyst in hydrothermal 
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liquefaction of beech wood at different temperatures, where colemanite was used in an 
amount of 0.1 wt% of biomass, and the maximum heavy oil yield of 29.8 wt% was 
obtained at 300 oC. The authors reported that the main minerals of colemanite might 
decrease the thermal stability of ester and ether bonds in lignin and glycosidic bonds in 
cellulose under hydrothermal conditions.17 Comparing the oil yield with colemanite with 
that of KOH or K2CO3, it is interesting that this heterogeneous catalyst achieved almost 
the same oil yield as that with the homogeneous catalysts. 
So far, most of the researches have focused on homogeneous catalysts in HTL reactions 
and heterogeneous catalysis is mostly used in gasification processes.7,31 Homogeneous 
catalysts are cheap and they have the advantage of producing liquid products without 
suffering from coking.31 They are also more active than heterogeneous catalysts.15 
However, they have the drawbacks of difficult recovery and corrosive effects on the 
reactor materials. On the other hand, heterogeneous catalysts have reaction selectivity 
and can be almost fully recovered from the reaction products.3,31 Based on our 
experimental results, colemanite can be used instead of common alkali homogenous 
catalysts for HTL of woody biomass with good activity towards the bio-oil production. 
As given in Table 4.2, the presence of HT/KOH and HT catalysts also produced a high 
bio-oil yield, 35.9 wt% and 34.4 wt%, respectively. Hydrotalcite is a double layered 
hydroxide composed of MgO and MgAl2O4.32 Since it is not soluble in water it is 
considered as heterogeneous catalyst while HT/KOH is a combination of homogeneous 
and heterogeneous catalysts. HT is more stable compared to other solid bases and has 
good decarboxylation activity.32 In hydrothermal liquefaction under alkaline conditions, 
biomass de-polymerized into small fragments consisting of C-O or C=O bonds, such as 
alcohols, acids, aldehydes and ketones. In order to form hydrocarbons, these fragments 
should be joined together by losing an oxygen atom by de-hydration or 
decarboxylation.26 Hydrotalcites promote oxygen removal through decarboxylation, but 
they are not effective for deoxygenation of very stable phenolic compounds. Moreover, 
steric hindrance by alkyl groups in fatty acid alkyl esters could reduce the activity of this 
catalyst.32 It is also found that hydrolyzing ester to butyric acid and subsequently 
neutralizing catalyst surface base sites can result in deactivation of the hydrotalcite 
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catalyst.33 This might account for its relatively lower activity of this catalyst for bio-oil 
production, compared with KOH and K2CO3. 
Among all catalysts tested, the least active catalysts for bio-oil production are FeSO4 and 
MgO, which is different from the results of previous study by the authors’ group where 
FeSO4 was found to be very active for producing bio-oil from a woody biomass in 
supercritical ethanol.2 In presence of Fe catalyst, aldehydes can be converted to acids and 
then transform into ketones.12 The phenolic derivatives adsorb on ferriferous oxide 
surface to form phenoxy species. Then the adsorbed phenoxy species link with OH 
groups to produce phenolic groups with low molecular weight. Thus the bio-oil yield 
increases in the presence of a Fe catalyst and the bio-oil mostly consists of ketones and 
phenolic compounds.12 However, Wang et al. showed that when FeSO4 is used for woody 
biomass liquefaction, it is not as active as other catalysts.13 However, FeSO4 is a common 
catalyst for coal liquefaction. The available S in the coal (feedstock) reacts with FeSO4 to 
form Fe(1-x)S (pyrrhotite, x=0-0.2) which is an active phase for coal liquefaction. The 
negligible amount of S in woody biomass minimizes the production of Fe(1-x)S and thus 
lowers the activity of FeSO4 for biomass liquefaction.13 Wang et al. tested different 
catalysts such as alkali salts, FeSO4, and acidic zeolites for the liquefaction of pinewood 
sawdust in different solvents at 300 oC for 2 h. They reported that alkali salts such as 
K2CO3 and KOH had a high activity for bio-oil production; FeSO4 showed the lowest 
activity.13 Our results for alkali salts and FeSO4 are in good agreement with the 
observation by Wang et al.13 MgO is a potential catalyst for transesterification reactions 
of vegetable oils to biodiesels34, and was never used for hydrothermal liquefaction of 
biomass. The lower activity of this catalyst compared to others might be due to the 
presence of CO2 and water in the reaction medium, poisoning the catalyst by interacting 
with base sites and forming hydrogen carbonates34,35, causing catalyst deactivation. 
Although MgO did not show high activity compared to other catalysts tested in this 
research, it did significantly promote the bio-oil yield compared to the reaction without 
catalyst. 
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4.3.2 Elemental Analysis of the Feedstock and Products and Carbon 
Balance 
The elemental analysis of bio-oils and solid residues produced with and without catalysts 
and their higher heating values (HHV) are presented in Table 4.3. The carbon contents of 
the bio-oils (63.6-71.3%) are much higher than that of the feed (47.6%). In addition, the 
oxygen contents of the oils are 22.4-30.5%, much lower compared to 45.9% in the 
feedstock, resulting in increased higher heating values of the oils. The bio-oil products 
have HHV of 24.3-31.3 MJ/kg in contrast to only 16.9 MJ/kg for the raw birch wood 
sawdust. The H/C molar ratios of the oils, except for those obtained with FeSO4 and 
HT/KOH, were almost constant (1.03-1.19) regardless of the catalyst type and lower than 
that of the biomass feed (H/C = 1.59 from Table 4.1) suggesting the predominance of 
aromatic compounds in the bio-oils. Interestingly, the bio-oils obtained with catalyst of 
FeSO4 or HT/KOH have a high H/C molar ratio (1.58), suggesting more saturated 
compounds in the oils produced with these catalysts, leading to a much higher HHV for 
these oils (30-31 MJ/kg). The O/C ratio for all of the produced oils is 0.24-0.36, much 
lower than that of the biomass feed (0.72 from Table 4.1), suggesting occurring of 
deoxygenation reactions (dehydration or decarboxylation reactions) of the reaction 
intermediates during the hydrothermal liquefaction, resulting in the production of WSP 
and CO2 in the gaseous products.36 
Elemental composition of the solid residues (Table 4.3) also shows a significant increase 
in carbon content (64.2-73.1%) and decrease in oxygen content (21.9-31%), compared to 
those of the biomass feedstock, and consequently a relatively higher HHV (22-28 MJ/kg) 
for the solid residues, which suggests that they can be used for as solid fuels for heat 
generation. 
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Table  4.3: Elemental composition of bio-oils and solid residues obtained from liquefaction with/without catalyst at 
300oC for 30 min. 
Catalyst 
Bio-oils  Solid residues 
C 
(%) 
H 
(%) 
N 
(%) 
O 
(%)a 
H/C 
(-) 
N/C 
(-) 
O/C 
(-) 
HHV 
(MJ/kg)b 
 C 
(%) 
H 
(%) 
N 
(%) 
O 
(%)a 
H/C 
(-) 
N/C 
(-) 
O/C 
(-) 
HHV 
(MJ/kg)b 
Blank 71.3 6.2 0.09 22.4 1.04 0.001 0.24 29.0  73.1 4.9 0.07 21.9 0.80 0.001 0.23 27.8 
HT 63.6 5.8 0.09 30.5 1.09 0.001 0.36 24.3  64.2 4.7 0.12 31.0 0.88 0.002 0.36 22.9 
Colemanite 67.9 5.8 0.05 26.3 1.03 0.001 0.29 26.6  70.1 4.6 0.09 25.2 0.79 0.001 0.27 25.8 
K2CO3 65.6 6.2 0.06 28.1 1.13 0.001 0.32 26.0  72.4 4.9 0.16 22.5 0.81 0.002 0.23 27.5 
KOH 66.5 6.1 0.09 27.3 1.10 0.001 0.31 26.3  69.8 4.5 0.19 25.5 0.77 0.002 0.27 25.5 
FeSO4 67.5 8.9 0.12 23.5 1.58 0.002 0.26 31.3  69.9 4.3 0.09 25.7 0.74 0.001 0.28 25.2 
HT/KOH 65.4 8.6 0.11 25.9 1.58 0.001 0.30 29.8  65.5 4.1 0.16 30.2 0.75 0.002 0.35 22.6 
MgO 66.4 6.6 0.12 26.9 1.19 0.002 0.30 27.1  65.3 4.3 0.17 30.2 0.79 0.002 0.35 22.8 
a Calculated by difference (100% - C% - H% - N% - Ash%) assuming negligible sulfur content; 
 b Higher Heating Value (HHV) calculated by Dulong formula, i.e., HHV (MJ/kg) =0.3383C+1.422(H-O/8) 
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Material balance of the process was performed by carbon balance and is presented in 
Table 4.4. The carbon composition of bio-oils and solid residues were determined by 
elemental analysis and the carbon content of the WSP and gas products were obtained by 
total organic carbon (TOC) and Micro-GC analysis, respectively. Carbon recovery was 
calculated based on the % mass of carbon in the products in relation to the mass of 
carbon in dried feedstock. The total carbon recovery was in the reasonable range of 77-
103% as shown in Table 4.4. The best carbon recovery (> 97%) was obtained with 
K2CO3, FeSO4 and in absence of catalyst. Inferior mass balance in some tests in 
particularly with HT catalyst, is probably due to the loss of some low boiling point and 
low molecular weight organics during the evaporation process for collection of bio-oil 
products.4,12 
 
Table  4.4: Carbon recovery in the products from liquefaction of birch wood 
with/without catalyst at 300 oC for 30 min 
Catalyst Oil  C (%) 
Solid  
C (%) 
WSP  
C (%) 
Gas  
C (%) 
Carbon 
Balance (%) 
Blank 26.4 47.8 22.9 0.09   97.2 
HT 42.9 13.5 21.2 0.08 77.7 
Colemanite 48.8 16.5 21.1 0.08 86.5 
K2CO3 49.5 19.9 28.5 0.21 98.1 
KOH 51.5 16.5  25.1 0.16 93.3 
FeSO4 42.3 30.1 30.8 0.04 103.2 
HT/KOH 46.0 13.2 19.6 0.16 78.9 
MgO 39.4 18.1 26.6 0.24 84.3 
 
4.3.3 FT-IR Spectroscopy Analysis of the Bio-Oils  
FT-IR analysis of the selected bio-oils in the range of 4000-550 cm-1 was performed to 
identify the functional groups and the FT-IR spectra are presented in Figure 4.3. 
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All bio-oils show similar functional groups regardless of the presence of catalyst or its 
type. The bands between 3000 and 2840 cm-1 represent C-H stretching vibrations 
indicating the presence of alkyl C-H. The two absorptions at 1370 and 1456 cm-1 are 
attributed to the bending peaks of methyl (-CH3) and methylene (-CH2) groups, 
respectively. The peak at 1456 cm-1 might also be attributed to aromatic compounds that 
are present in the oil. The broad absorption at 3350 cm-1 is typical of O-H stretching 
suggesting the presence of alcohols, phenols, carboxylic acids, and water residues in the 
bio-oil. The absorbance at 1700 cm-1 represents the C=O stretching vibration of carbonyl 
groups and indicates the presence of ketones, aldehydes, and carboxylic acids in the oils. 
The peaks at 1611 cm-1, 1516 cm-1 and 1456 cm-1 represent aromatic ring and its 
derivatives. The bands between 1280 and 1000 cm-1 can be attributed to C-O vibrations 
suggesting the possible presence of acids, phenols or alcohols in the bio-oil. The FT-IR 
results are consistent with the results of HTL bio-oils from many other 
researchers.3,12,13,37 According to Figure 4.3, the FT-IR spectra of the oils are almost 
identical, showing that the presence or type of the catalyst did not have a significant 
effect on the functional structure of the oil products from biomass HTL. However, 
absorbance of the peaks at 1611 cm-1, 1516 cm-1, and 1456 cm-1 is greater in the oils from 
the tests with a catalyst (in particular HT and KOH) compared with that of without 
catalyst, suggesting that the presence of a catalyst in biomass HTL enhanced the 
formation of aromatics in bio-oil. 
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Figure  4.3: FT-IR spectra of bio-oils produced from liquefaction of birch wood 
with/without catalyst at 300 oC for 30 min 
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4.3.4 Chemical Composition of the Bio-Oils 
The chemical composition of the bio-oils was analyzed by GC-MS and the main 
components of the oils are summarized in Table 4.5. It shall be noted however that 
characterization of bio-oils using GC-MS has an inherent limitation as only highly 
volatile compounds of the oils (with boiling points below the GC column temperature) 
are vaporized in the GC column and hence detectable by the MS detector. Normally, only 
< 20-30 wt% of bio-oils are volatile at a temperature below 300C.9,12 From our own 
TGA analysis presented in Figure 4.4, all bio-oils obtained in this study contain approx. 
20 wt% of volatile components with boiling points below 280C; the GC column 
temperature used in our GC-MS measurements. From the GC-MS in Table 4.5, the main 
components identified are phenol derivatives, acids, ketones, chain and cyclic aliphatic 
compounds, alcohols, aldehydes, aromatic compounds and esters, as confirmed by the 
FT-IR results (Figure 4.3), which were also reported by other researchers.2,9,12 For the 
non-catalytic liquefaction, the two major compounds in the oils are phenols and acids, 
followed by alcohols, ketones, aliphatic and aromatic compounds. In the oils from 
catalytic experiments, phenol derivatives (of which the main phenolic compound is 2-
methoxy-phenol) and aliphatic compounds increased significantly compared to the oil 
without catalyst, which is also in a good agreement with the FT-IR results (Figure 4.3). 
The type of catalysts significantly influenced the composition of the oil products. In 
general, the oil produced in presence of an alkaline catalyst (HT or KOH or their mixture) 
is mostly composed of phenolic compounds followed by alcohols, ketones and aliphatics, 
while the oil with FeSO4 has the lowest amount of phenolic compounds followed by a 
high concentration of acids and alcohols. Phenol derivatives, e.g., the main phenolic 
compound 2-methoxy phenol, are derived from the lignin component of the biomass 
feedstock via depolymerization. Depolymerization of lignin can be catalyzed by an 
alkaline catalyst38, which might account for the enrichment of phenolic compounds in the 
oil products from the HTL process in presence of an alkaline catalyst (HT or KOH or 
their mixture). Thus, the chemical composition of bio-oils is highly dependent on the 
presence or absence of catalysts as well as their types. Different types of catalysts can 
alter the oil compositions and subsequently affect their characteristics as also suggested 
by other researchers.2,4 
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Table  4.5: GC-MS analysis for the bio-oils from liquefaction of birch wood with/without catalyst at 300 oC for 30 min 
No RT 
(min) 
Compound Name Relative composition by percent area 
Blank HT KOH FeSO4 HT/KOH 
1 3.983 2-Pentanone, 4-hydroxy-4-methyl- 9.91 12.06 15.09 10.94 9.72 
2 5.452 2-Cyclopenten-1-one, 2-methyl- 0.64 1.31 2.13 1.47 1.27 
3 6.877 4,4-Dimethyl-2-cyclopenten-1-one  1.12 2.11 0.65 1.24 
4 7.724 2-Cyclopenten-1-one, 2,3-dimethyl-  1.83 1.37 1.04 1.57 
5 7.730 9,12-Octadecadienal 0.87     
6 8.245 Cyclopropane, 1,1-dimethyl-2-(2-methyl-1-propenyl)-   1.47  0.63 
7 8.468 Phenol, 2-methoxy- 10.68 13.88 14.82 12.73 9.82 
8 8.544 Ethanone, 1-(1-cyclohexen-1-yl)-  4.81 2.85  2.09 
9 9.499 Benzene, 1,2-dimethoxy-  1.90    
10 10.033 2-Methoxy-5-methylphenol     4.37 
11 10.039 Creosol 3.97 5.39 5.33 3.76  
12 10.809 3-Trifluoroacetoxypentadecane 0.86 1.24 1.47 1.13 1.29 
13 11.305 Phenol, 4-ethyl-2-methoxy- 4.34 6.23 11.48 3.95 5.37 
14 12.088 Benzene, 4-ethyl-1,2-dimethoxy-  1.27    
15 12.591 Phenol, 2-methoxy-4-propyl- 1.59 4.22 6.67 1.84 3.58 
16 12.654 Phenol, 2-methoxy-4-(2-propenyl)-, acetate     1.68 
17 12.661 Phenol, 2-methoxy-4-(1-propenyl)-  2.08 2.85   
18 13.195 Benzenethanamine, 3,4-dimethoxy-?-methyl-   1.36   
19 13.755 8-Hexadecenal, 14-methyl-, (Z)- 0.51 0.91 0.81 1.03 0.82 
20 14.315 Phenol, 2-methoxy-6-(1-propenyl)- 1.50 2.03 3.35 1.22 2.50 
21 14.468 Vanillin     2.76 
22 14.474 Benzaldehyde, 3-hydroxy-4-methoxy- 4.29 3.60  3.01  
23 14.728 Phenol, 2-methoxy-6-(1-propenyl)-  1.82  1.98 1.84 
24 15.269 Phenol, 3,5-bis(1-methylethyl)-    1.28  
25 15.695 Phenol, 3-methoxy-2,4,6-trimethyl-  3.53 1.78 3.36 2.53 
26 15.708 Ethanone, 1-(2-hydroxy-6-methoxyphenyl)- 3.19     
27 16.229 2-Propanone, 1-(4-hydroxy-3-methoxyphenyl)- 3.49 4.53 4.61 3.21 3.92 
28 16.421 1-Cyclohexene, 1,3,3-trimethyl-2-(1-methylbut-1-en-3-on-1-yl)-  1.63    
29 16.516 7-Heptadecene, 17-chloro- 1.18   1.03 0.99 
30 17.973 Phenol, 4-(ethoxymethyl)-2-methoxy- 2.70 4.30 4.40 3.07 4.02 
31 18.043 Benzeneacetic acid, .alpha.-hydroxy-2-methoxy-   1.75   
32 18.164 Acetic acid, (1,2,3,4,5,6,7,8-octahydro-3,8,8-trimethylnaphth-2-yl)methyl ester     0.81 
33 18.227 1-Ethanone, 1-[3,6-dihydroxy-2-(2-propenyl)phenyl]- 1.38 2.36  2.11 2.09 
34 18.450 Benzaldehyde, 2-hydroxy-3-(2-propenyl)-   0.97   
35 18.590 2,5,5,8a-Tetramethyl-6,7,8,8a-tetrahydro-5H-naphthalen-1-one     1.41 
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36 19.023 Acetic acid, (1,2,3,4,5,6,7,8-octahydro-3,8,8-trimethylnaphth-2-yl)methyl ester     0.74 
37 19.035 2,2,7,7-Tetramethyltricyclo[6.2.1.0(1,6)]undec-4-en-3-one  1.44    
38 19.061 Hexadecanoic acid, methyl ester 2.67   3.34 1.55 
39 19.219 4-(3-Aminobutyl)-2-methoxyphenol   2.05   
40 19.353 Acetic acid, 3-hydroxy-6-isopropenyl-4,8a-dimethyl-1,2,3,5,6,7,8,8a-
octahydronaphthalen-2-yl ester 
 1.17   1.76 
41 19.538 Benzene, 1-(1,1-dimethylethyl)-4-[(2-methyl-2-propenyl)oxy]-     1.15 
42 19.551 Formic acid, 2-bromomethyl-4,4-dimethyl-3-(3-oxobut-1-enyl)cyclohex-2-enyl 
ester 
 0.81 0.96   
43 19.602 Phenacetic acid, 2,3,5,α,α-pentamethyl-6-carboxy-  1.34 2.10 2.14 1.46 
44 19.639 3-Buten-2-one, 4-(6,6-dimethyl-1-cyclohexen-1-yl)- 3.84     
45 19.665 Phenol, 2-[(N,N-dimethylamino)methyl]-3,5-dimethyl-   1.21 1.19 0.82 
46 19.672 5-(7a-Isopropenyl-4,5-dimethyl-octahydroinden-4-yl)-3-methyl-pent-2-en-1-ol  1.48    
47 19.945 5-(2,4-Dimethyl-phenyl)-2H-pyrazol-3-ol    1.19  
48 20.003 n-Hexadecanoic acid 26.60   25.34 17.65 
49 20.079 Benzamide, 2-fluoro-4,6-dinitro-N,N-dimethyl-     2.39 
50 20.129 Tetraacetyl-d-xylonic nitrile 1.11   2.97 1.78 
51 20.187 Benzimidazole, 2-ethoxy- 1.93     
52 20.524 Benzene, 1-(2-methoxy-1-propenyl)-4-methyl- 0.74     
53 21.020 2-Propenoic acid, 3-(4-hydroxy-3-methoxyphenyl)- 1.77   1.34  
54 21.415 Phenol, 2-[(N,N-dimethylamino)methyl]-3,5-dimethyl- 0.23     
55 21.447 3-Pentanone, dimethylhydrazone     1.11 
56 21.498 Undecanoic acid, 11-amino- (2-(7-Hydroxymethyl-3,11-dimethyl-dodeca-2,6,10-
trienyl)-[1,4]benzoquinone) 
 1.25  0.76 1.15 
57 21.720 2-[4-methyl-6-(2,6,6-trimethylcyclohex-1-enyl)hexa-1,3,5-trienyl]cyclohex-1-en-1-
carboxaldehyde 
    0.39 
Total area (%) 90.00 89.53 93.00 97.10 98.28 
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The molecular weight of the bio-oils and its distribution measured by GPC is presented in 
Table 4.6 and Fig. 4.4. The weight-average molecular weights (Mw) and number-average 
molecular weights (Mn) are more influenced by high molecular weight and low molecular 
weight compounds, respectively 5. The GPC results indicate that the oils produced in 
presence of a catalyst have very similar molecular weight distribution as shown in Fig. 
4.4 and also similar values of Mn (371-383 g/mol), Mw (738-856 g/mol) and 
polydispersity index (PDI) (2.0-2.2), which are slightly greater than that of the oil from 
the non-catalytic experiments (Mn = 362 g/mol, Mw = 633 g/mol and  PDI = 1.7), 
suggesting that the presence of a catalyst might promote the condensation/polymerization 
of the reaction intermediates during the HTL process. Resinification reactions of lignin-
derived bio-phenolics and aldehydes such as furfural and HMF derived from 
holocelluloses can be catalyzed by base catalysts and result in higher molecular weight 
compounds.39 
 
Table  4.6: Molecular weight distribution of bio-oils derived from non-catalytic and 
catalytic experiments 
Catalyst Mn (g/mol) Mw (g/mol) PDI (-)a
Blank 362 633 1.7 
HT 373 738 2.0 
KOH 383 856 2.2 
FeSO4 374 777 2.0 
HT/KOH 371 741 2.0 
a Polydispersity index (=Mw/Mn) 
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Figure  4.4: Normalized molecular weight distribution of the bio-oils with different 
catalysts 
 
4.3.5 Thermal Stability of the Bio-Oils Determined by TGA 
Thermal gravimetric analysis measures the losses of weight of a sample with increasing 
temperature. In this work, the biomass feedstock and typical bio-oil samples, after pre-
drying in an oven at 60 oC, were heated from 40 oC to 900 oC under N2 atmosphere on a 
thermal gravimetric analyzer. Figure 4.5 shows the weight percentage curves (TG) and 
first derivatives of the weight loss curves (DTG) for sawdust and the oils with and 
without catalysts. Some key parameters obtained from the TG/DTG curves, i.e., the 
decomposition start/end/peak temperatures and the contents of volatile matters (VM) and 
fixed carbon (FC) are presented in Table 4.7. 
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Figure  4.5: TGA (a) and DTG (b) curves for sawdust and bio-oils with/without 
catalyst 
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Table  4.7: Decomposition start/peak/end temperatures, volatile matter, and fixed 
carbon of sawdust and bio-oils 
 Decomposition start temp.(C) 
Decomposition 
end temp.(C) 
Decomposition 
peak temp. (C) 
VMa 
(wt%) 
Asha 
(wt%) 
FCa,b 
(wt%) 
Sawdust 300 881 374 83.45 0.23 16.32 
Bio- oils   
Blank 208 873 394 64.66 NGc 35.34 
HT 222 883 388 65.90 NG 34.10 
KOH 212 882 367 59.29 NG 40.71 
FeSO4 226 885 394 62.26 NG 37.74 
HT/KOH 211 882 387 66.03 NG 33.97 
a On a dry basis;  
b Calculated by difference: Fixed carbon (on a dry basis) = 100-VM-ash;  
c NG= Negligible, bio-oils are assumed to have negligible ash content 
 
The content of volatile matters for sawdust is approx. 84 wt% while the VM content for 
all the oils is in the range of 59-66 wt%, suggesting that (1) the volatile matters in the 
original biomass were not completely converted into bio-oil products (19-40 % oil yield), 
i.e., a significant portion of VM formed other products such as solid residues, WSP and 
gaseous products during the HTL process, (2) not entire bio-oils are volatile matters, and 
in fact, only approx. 59-66 wt% of the oils are volatile matters and the rest are FC. The 
FC values of the bio-oils (34-41 wt%) are surprisingly higher than the original biomass 
feedstock, suggesting that the bio-oils (comprising a complicated mixtures of phenols, 
aldehydes, ketones, alcohols, carboxylic acids, etc.) would self-polymerize into 
condensed materials such as resins upon heating. From Figure 4.4 and Table 4.7, there is 
no substantial difference in thermal stability between the oils with and without catalyst. 
The decomposition of the oils started at 208-226 oC, peaked at 367-394 oC, and ended 
873-885 oC. Among all of the catalysts, KOH had the lowest decomposition peak 
temperature (367 oC), about 20-30 oC less than other those of the oils with the other 
catalysts, suggesting that the oil obtained with KOH is the lightest among all oils 
obtained in this study. 
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TGA can be used to estimate the boiling range of heavy oils.10,38 The boiling point 
distribution of the bio crude oils is determined using thermal gravimetric analysis data 
and is presented in Table 4.8. The weight loss of the samples before 110 oC is an 
indicator of moisture and is less than 1 wt% for all the oils, revealing that the drying 
process efficiently removed water. According to Table 4.8, only around 20% of the bio-
oils had a boiling point less than 300 oC, indicating that only a small fraction of bio-oil 
was detectable by GC-MS, and the rest of the oils fractions are of higher molecular 
weight. Compared with a typical petroleum crude oil around 45 wt% of which have 
boiling points less than 250 oC22, the obtained bio-oils are much heavier, as also reported 
by other researchers.10,22 
 
Table  4.8: Estimated boiling point distribution of bio-oils (%) 
Distillate 
range (oC) 
 Bio-oils with/without catalysts 
 Blank HT KOH FeSO4 HT/KOH 
40-110  0.25 0.11 0.13 0.54 0.54 
110-200  5.25 2.65 3.29 2.67 3.38 
200-300  15.59 16.68 16.41 15.83 16.30 
300-400  25.69 26.37 23.97 23.86 25.76 
400-550  12.65 13.98 11.12 13.04 14.04 
550-700  3.82 3.86 2.97 4.18 3.92 
700-800  1.03 1.44 0.88 1.52 1.43 
800-900  0.51 0.83 0.56 0.82 0.85 
 
4.4 Conclusions 
To screen catalysts for hydrothermal liquefaction of woody biomass in hot-compressed 
water, various catalysts including KOH, FeSO4.7H2O, K2CO3, MgO, synthetic 
hydrotalcite (HT), and ground colemanite (calcium borate mineral) were investigated at 
300 oC for 30 min. The bio-oil products were comprehensively characterized using 
elemental analyzer, GC-MS, FT-IR, GPC and TGA. Some key conclusions are 
summarized as follows. 
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 Catalysts played an important role in hydrothermal liquefaction of birchwood sawdust 
and significantly enhanced the yield of bio-oil products. The alkaline catalysts (KOH, 
K2CO3 and colemanite) showed the best performance considering the oil yield and 
solid residue yield. For example, the bio-oil yield with KOH was increased to around 
40 wt%, more than double the yield of the un-catalyzed experiment (~18 wt%). It also 
reduced the solid residue yield from approx. 33 wt% to 12 wt%. Among all catalysts 
tested, the least active catalysts for bio-oil production are FeSO4 and MgO. 
 The elemental analysis of the oils revealed that the oxygen content of the oils are 
greatly reduced compared to that of the original biomass feedstock, leading to 
increased higher heating values. 
 According to FT-IR results, the functional groups in all oils produced in the presence 
or absence of a catalyst are similar. However, the type of catalysts strongly affected 
the chemical composition of bio-oils. With an alkaline catalyst (HT or KOH or their 
mixture), phenol derivatives (of which the main phenolic compound is 2-methoxy-
phenol) and aliphatic compounds increased significantly compared to the oil from the 
non-catalytic experiment. 
 The oils produced in the presence of catalysts have very similar values of Mn (371-383 
g/mol), Mw (738-856 g/mol) and polydispersity index (PDI) (2.0-2.2), which are 
slightly greater than that of the oil without catalyst (Mn = 362 g/mol, Mw = 633 g/mol 
and PDI = 1.7), suggesting that the catalysts promoted certain 
condensation/polymerization of the reaction intermediates during the HTL process. 
 The TGA results imply that all bio-oils are similar with respect to thermal stability, 
irrespective of the presence or type of catalyst. Among all of the catalysts, KOH had 
the lowest decomposition peak temperature (367 oC), about 20-30 oC less than those of 
the oils with other catalysts, suggesting that the oil obtained with KOH is the lightest 
among all oils obtained in this study. 
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Chapter 5  
 
5 Co-Conversion of Waste Activated Sludge and Sawdust 
through Hydrothermal Liquefaction: Optimization of 
Reaction Parameters Using Response Surface 
Methodology 
 
Abstract 
The present paper examines the co-conversion of waste activated sludge and birchwood 
sawdust to bio-oil via hydrothermal liquefaction. The purpose of using the sawdust with 
sludge was to increase the solids concentration using another waste material for possible 
resource recovery. The operating conditions including reaction temperature, reaction time 
and solids concentration were optimized based on the response surface methodology for 
the maximum bio-oil production. Using analysis of variance (ANOVA), a prediction 
model with a high coefficient of determination (R2=0.987) was developed and 
experimentally validated. A maximum of 33.7 wt% bio-oil yield was obtained at an 
optimum temperature of 310oC, reaction time of 10 min, and solids concentration of 10 
wt%. Comparison of this oil with the oil produced from only sawdust in the same 
operating conditions showed a significant improvement in the molecular weight of the 
bio-oil, indicating the presence of lighter components, with a slight decrease in bio-oil 
yield. The optimized operating condition could be used to effectively co-liquefy waste 
activated sludge and sawdust with the advantage of producing higher quality bio-oil with 
respect to molecular weight.  
 
Keywords: Hydrothermal liquefaction, Bio-oil, Waste activated sludge, Sawdust, 
Optimization  
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5.1 Introduction 
Growing interest in renewable energies due to shrinking reserves of fossil fuels and 
climate change concerns have led to extensive research towards gaseous and liquid fuels 
production from renewable energy resources such as biomass and wastes. Energy 
generation from municipal and industrial wastes such as wastewater sludge is also 
environmental friendly way to deal with large volume of waste disposal with the 
additional advantage of eliminating part of the indirect greenhouse gas emissions from 
energy crops-derived biofuels.1 
Sludge management is one of the most challenging and costly tasks of wastewater 
treatment plants due to high water content and poor dewaterability. Currently, there are 
several options for energy recovery from sludge2, of which the most important ways are 
biological and thermochemical processes. Hydrothermal liquefaction (HTL) is a 
thermochemical process where raw sludge with high water content can be heat treated 
directly in absence of oxygen at 150-450 oC under pressure (up to 25-30 MPa).2 HTL is a 
promising technology for converting waste biomass with high water content into liquid 
fuels. It eliminates the need of costly de-watering/drying process that is otherwise 
required in other thermal/thermochemical processes. The remarkable properties of water 
such as low dielectric constant and high ionic product play important roles as a solvent in 
liquefaction. The main products of HTL treated sludge are bio-oil, water-soluble products 
(WSP), char, and gases. The process can be made self-sufficient in energy using a part of 
the produced oil and char to provide heat for the HTL process and it has been found to be 
cost-effective compared to incineration.3 It can also achieve the additional benefit of 
pathogen reduction meeting the stringent regulation on sludge land applications. 
HTL has been used for treating dairy manure by converting high-water-content 
sludge/bio-solids into value-added products, mainly bio-oil and solid residue (bio-char).4 
An early study of sewage sludge liquefaction was performed by Kranich and Eralp. 
Sewage sludge was converted to oil at different reaction temperatures in presence of 
hydrogen as reducing gas and catalysts such as Na2CO3, NiCO3, and Na2MnO4. The oil 
yields were less than 20 wt% with water as the reaction medium.5,6 A pilot scale study 
was carried out by Molton et al. where primary and undigested sludge with 20% total 
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solids (TS) were heated at 300 oC and 10 MPa pressure in a continuous reactor with 30 
L/h flow rate and hydraulic retention time of 90 minutes. The technology was patented as 
sludge-to-oil reaction system (STORS) with oil yields ranging from 10-20 wt% and char 
from 5-30 wt%.2,3 In a more recent work by Vardon et al., bio-oil characteristics of three 
different wastewater feedstocks (Spirulina algae, swine manure, and digested anaerobic 
sludge) were compared using HTL conditions of 300 oC, 10-12 MPa pressure, and 30 min 
reaction time. The bio-oil yield from digested sludge with the total solids of 26% was 
found to be the lowest (9.4 wt%) compared to other feedstocks. The oil from digested 
sludge had the highest amount of high boiling point compounds leading to a high 
molecular weight of 3470 g/mol.7 Although HTL has been applied earlier to produce 
energy from sludge, the bio-oil yield is usually very low and oil with high molecular 
weight is produced. High molecular weight can result in high viscosity and instability of 
bio-oils. In addition, complete parametric studies for maximum bio-oil yields and energy 
recovery are also lacking in literature. 
The objective of the present work was to find the optimum operating conditions for the 
maximum bio-oil production from wastewater sludge based on experimental design. 
Waste activated sludge (WAS) was used as the main feedstock with the addition of birch 
wood sawdust to adjust solids concentration and to enhance the process economy using 
feedstock with higher solids concentration. To the best of our knowledge, the co-
processing of waste activated sludge and birch wood sawdust has never been reported. 
The operating conditions such as temperature, reaction time, and solids concentration 
were optimized using Central Composite Design (CCD) method, which has not been 
applied for HTL of WAS in previous researches. Based on a previous catalyst screening 
study performed by the authors8, potassium hydroxide (KOH) was used as a homogenous 
catalyst in the process. The properties of the produced bio-oil were determined and 
compared with the oils obtained from sludge or sawdust by other researchers. 
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5.2 Materials and Methods 
5.2.1 Materials 
Birch wood sawdust was supplied from a local lumber mill and the waste activated 
sludge was collected from Adelaide Pollution Control Plant, London, Ontario. The WAS 
samples were taken from rotary drum thickeners and stored at 4 oC prior to the 
experiments. The proximate and ultimate analyses results of birch wood sample and 
characteristics of WAS are presented in Table 5.1. Potassium hydroxide was purchased 
from Sigma-Aldrich and used as catalyst as received. 
 
Table  5.1: Characteristics of birchwood sawdust and waste activated sludge (WAS) 
Parameter Birchwood sawdust WAS 
Proximate analysis   
Volatile matter (VM)a,b 
(wt%) 
83.45 62.24 
Fixed carbon (FC)a,b (wt%) 16.32 14.09 
Asha (wt%) 0.23 23.67 
Moisture (wt%) 6.49 96.1 
pH - 7.76 
Ultimate analysisa   
C (wt%) 47.6 38.04 
H (wt%) 6.3 5.23 
N (wt%) 0 7.20 
S (wt%) 0 0.75 
Oc (wt%) 45.9 25.1 
H/C 1.59 1.65 
N/C 0 0.16 
O/C 0.72 0.48 
HHVd (MJ/kg) 16.9 16.0 
a- On a dry basis 
b- Determined by TGA  
c- Calculated by difference (100% - C% - H% - N% -S%-Ash%)  
d- Higher Heating Value (HHV) calculated by Dulong formula, i.e., HHV (MJ/kg) =0.3383C+1.422(H-O/8) 
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A.C.S. reagent-grade acetone, used as reactor rinsing/washing solvent for product 
separation, was purchased from Caledon Laboratory Chemicals (ON, Canada) and used 
as received.  
5.2.2 Experimental Setup 
Hydrothermal liquefaction experiments were performed in a 100 mL stirred reactor (Parr 
4590 Micro Bench top reactor). The schematic diagram of the reactor is shown in Figure 
3.1 (Chapter 3). In a typical experiment, between 0.91 to 6.1 g sawdust was added to 40 g 
WAS (making solid concentration of 5-15 wt% on a dry and ash-free basis) and the 
mixture was charged into the reactor together with KOH (5 wt% of total solids) as a 
homogeneous catalyst, chosen based on a previous catalyst screening study conducted by 
the authors.8 Since WAS contained about 96 wt% water, no external water was added to 
the reaction mixture as solvent. The reactor was then sealed and the residual air inside 
was removed by purging with nitrogen for at least five times. Then the reactor was 
pressurized to 2 MPa using nitrogen and then heated under stirring to the desired 
temperature (200-350 oC). As soon as the reactor reached to reaction temperature, it was 
hold at that temperature for the required retention time (10-60 min). Thereafter, the 
reaction was stopped by quenching the reactor in a water/ice bath.  
5.2.3 Products Separation Procedure 
Figure 5.1 shows the procedure used for separating the products, i.e., bio-oil, water-
soluble products (WSP), gas, and solid residue (SR). After the reactor was cooled down 
to room temperature the gas in the reactor was collected into a 1.0 L gasbag for 
determination of gas components (120 mL air was injected into the gasbag as an internal 
standard). Then the reactor was opened and the solid/liquid products were removed from 
the reactor and transferred to centrifuge tubes. They were centrifuged at 4500 rpm for 10 
minutes and vacuum filtered using pre-weighed 1.2 µm glass fiber filters. The filtrate was 
collected as WSP. The reactor was then rinsed with reagent-grade acetone to completely 
remove any remaining materials including bio-oils and the residual chars adhering on the 
inner reactor wall by scraping with a spatula. The slurry and rinsing acetone were 
collected and filtered under vacuum to collect the water insoluble solids. The total solid 
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residue was rinsed repeatedly with acetone until the filtrate became colorless. It was then 
oven dried at 105 oC overnight to constant weight to determine the yield of solid residue 
(SR) and biomass conversion. Acetone in the filtrate was evaporated at 50 oC using a 
rotary evaporator under reducing pressure to remove acetone. The dark color product left 
was weighed and designated as bio-oil. The entire separation procedure is shown in 
Figure 5.1. The yields of the products are then calculated based on dry, ash-free (daf) 
initial biomass as described in detail in Chapter 4. 
 
 
Figure  5.1: Separation procedure of the products from HTL of biomass and sludge 
 
5.2.4 Design of Experiments 
Experimental design was performed using Response Surface Methodology (RSM). RSM 
is a statistical method for modeling and analysis of a problem using quantitative data 
from experiments to determine model equations by regression. This method optimizes the 
responses to variations of process parameters.9,10 The Central Composite Design (CCD) 
is one of the most popular RSM designs useful for building second order (quadratic) and 
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third order (cubic) models for the response variables. A general form of the quadratic 
equation can be expressed as following:10 
ܻ ൌ ܾ଴ ൅ ∑ ܾ௜ ௜ܺ௡௜ୀଵ ൅ ∑ ܾ௜௜ ௜ܺଶ௡௜ୀଵ ൅ ∑ ∑ ܾ௜௝ ௜ܺ௡௝வଵ௡௜ୀଵ ௝ܺ		        (5.1) 
Where Y is the response, ܾ଴ is the constant coefficient, ܾ௜, ܾ௜௜ and ܾ௜௝ are the linear, 
interaction and quadratic coefficients, and ௜ܺ, ௝ܺ are the coded values of the independent 
variables, respectively.10 In the present work, a standard CCD design with three variables 
was applied in order to study the effects of three independent variables (temperature, time 
and solids concentration) on bio-oil yields. The design contains 8 cubic points, 6 axial 
points, and 1 center point with 6 replicates for the center point. Thus a total of 20 
experiments were performed. The center point replicates were chosen as a measure of 
precision. The variables levels were in the range of 200-350 oC for temperature, 10-60 
min for reaction time, and 5-15 wt% for solids concentration. The factors and levels are 
presented in Table 5.2. For statistical calculations, the variable xi was coded to Xi 
according to the following relationship: 
ݔ௜ ൌ ு௜ା௅௢ଶ ൅ ௜ܺ
ு௜ି௅௢
ଶ 	        (5.2) 
Where Hi is the un-coded high level and Lo is the un-coded low level of a specific 
variable. 
 
Table  5.2: Experimental variables and levels 
Experimental variables Symbol Coded level of variables -1.682 -1 0 1 1.682 
Temperature (oC) X1 200 230 275 320 350 
Reaction time (min) X2 10 20 35 50 60 
Solids concentration (wt%) X3 5 7 10 13 15 
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The design matrix was analyzed using Design Expert (version. 7) and Minitab (version 
17) software and the optimization was performed to maximize the bio-oil yield. 
Molecular weight (Mw) of the oils and yields of other products such as solid residue, 
WSP, and gas were determined to explore the effects of different operating conditions on 
products yield. 
5.2.5 Analysis of Products 
Elemental analysis of the raw materials was performed on a Flash EA 1112 analyzer, 
employing 2,5-Bis (5-tert-butyl-benzoxazol-2-yl) thiophene (BBOT) as the calibration 
standard. The composition of the oxygen was estimated by difference. The heating value 
was calculated based on Dulong’s formula (HHV ൌ 0.3383C ൅ 1.422ሺH െ O 8⁄ ሻሻ where 
C, H, and O are the mass percentages of carbon, hydrogen and oxygen, respectively.6,7 
The compositions of gaseous products were determined using gas chromatograph 
equipped with a thermal conductivity detector (GC-TCD Agilent Micro-GC 3000). The 
bio-oil products were analyzed by Waters Breeze gel permeation chromatography (GPC-
HPLC) instrument (1525 binary pump, UV detector set at 270 nm, Waters Styragel HR1 
column at 40 oC) for their average molecular weight and polydispersity index (PDI) using 
THF as the eluent at a flow rate of 1 ml min-1 with linear polystyrene standards for the 
molecular weight calibration curve. The average molecular weights were obtained from 
the GPC profiles for the bio-oil products. 
The moisture and ash content of the feedstocks were determined based on ASTM E1756-
08 (drying the samples at 105 oC for at least 12 hours) and ASTM E1755-1 (heating the 
samples at 575 oC for three hours), respectively. The volatile matter (VM) and fixed 
carbon (FC) content of feedstocks and bio-oils were determined by Thermal gravimetric 
analysis (TGA) using a PerkinElmer Pyris 1 TGA in a nitrogen atmosphere. The samples 
were heated from 40oC to 900 oC with a heating rate of 10 oC /min and then burned with 
air at 900 oC for 20 minutes with a gas flow rate of 20 mL/min. The pH of sludge was 
determined using the pH probe of SI Analytics potentiometric titrator. 
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5.3 Results and Discussion 
The design of experiment, the yields of products, and molecular weight of bio-oils are 
presented in Table 5.3. Since the yields of gaseous products in all experiments were 
minimal (less than 1 wt%), they are not included in the rest of the discussion. The Micro-
GC analysis showed that the major portion of the gaseous products was carbon dioxide 
with traces of hydrogen and ethylene. 
 
Table  5.3: The central composite matrix and responses 
No. 
Variables in un-coded/original units  Variables in coded units  Results 
Temp. 
(oC) 
Reaction 
time (min) 
Concentration 
(wt%)  
Temp. 
(oC) 
Reaction 
time (min) 
Concentration 
(wt%)  
Oil 
(wt%) 
Solid 
(wt%) 
WSP 
(wt%)a 
Mw 
(g/mol) 
1 230 20 7  -1 -1 -1  20.35 47.25 31.67 628 
2 320 20 7  1 -1 -1  33.61 9.89 56.43 446 
3 230 50 7  -1 1 -1  18.28 44.49 37.17 533 
4 320 50 7  1 1 -1  27.94 10.24 61.78 445 
5 230 20 13  -1 -1 1  13.92 58.11 27.95 685 
6 320 20 13  1 -1 1  31.76 16.58 51.60 500 
7 230 50 13  -1 1 1  16.39 51.95 31.65 675 
8 320 50 13  1 1 1  29.52 16.26 54.22 474 
9 200 35 10  -1.682 0 0  11.28 61.23 27.34 639 
10 350 35 10  1.682 0 0  32.11 13.18 54.06 411 
11 275 10 10  0 -1.682 0  31.17 20.83 48.01 560 
12 275 60 10  0 1.682 0  21.63 22.56 55.79 545 
13 275 35 5  0 0 -1.682  26.63 10.95 62.31 468 
14 275 35 15  0 0 1.682  29.06 22.46 48.47 568 
15 275 35 10  0 0 0  27.45 21.41 50.98 495 
16 275 35 10  0 0 0  27.68 20.60 51.56 490 
17 275 35 10  0 0 0  26.52 21.47 51.88 469 
18 275 35 10  0 0 0  27.14 22.10 50.72 484 
19 275 35 10  0 0 0  28.84 21.63 49.37 492 
20 275 35 10  0 0 0  26.76 20.91 51.36 504 
aCalculated by difference of total feedstock and oil and WSP 
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As previously reported by other researchers11,12, the largest fraction of the products was 
distributed in the water soluble phase and ranged from 27 to 62 wt%. Water-soluble 
products cannot be discharged into the environment without further treatment due to the 
carbon and nitrogen contents remaining in the water phase after HTL. However, by using 
a proper recycling method, the nutrients in the WSP along with the carbon dioxide of the 
HTL gaseous product can be used for algal biomass production, which can provide 
another type of feedstock for the production of bio-oil.13 
As presented in Table 5.3, the yield of products and molecular weights of bio-oils highly 
depended on HTL operating conditions. The oil yields varied between 11.28 wt% to 
33.61 wt% with the solid yields in the range of 9.89 wt% and 61.23 wt%. The molecular 
weight of the oils was determined by GPC analysis and ranged from 411 to 685 g/mol. 
The results show that temperature was the most important factor affecting the yields of 
the products. Higher temperatures resulted in higher bio-oil and WSP yields with 
corresponding lower solids production. Moreover, the bio-oils produced at higher 
temperatures exhibited relatively lower molecular weights. As it will be shown later, 
these molecular weights are much lower than the molecular weights of the bio-oils from 
sludge or sawdust previously reported by other researchers at similar operating 
conditions. 
5.3.1 Effects of Process Parameters on Products Distribution 
5.3.1.1 Main Effects Plots 
Figure 5.2 a and b show the main effects plots of three independent variables on 
responses (bio-oil and solid yields). These plots depict the mean response for each factor 
level connected by a line. Temperature is found to be the most important parameter 
affecting the products yields. It shows a positive main effect for bio-oil and a negative 
main effect for solid residue yields, implying that at constant reaction time and solids 
concentration, changing temperature from 200 oC to 350 oC results in a considerable 
increase in the oil yield accompanied by a drastic decrease in solid yield. However, the 
steepness of the lines decreases as temperature increases from 320 to 350 oC and there is 
no considerable difference in the oil yields at 320 and 350 oC. This indicates that there is 
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an optimum temperature beyond which the oil yield remains constant or even starts to 
decrease. Higher temperatures enhance cracking and dehydration reactions which result 
in formation of gases, water, and condensation reactions to form more solid products or 
char.4 Considering the effect of temperature on solid residue and minimal gas production 
in the experiments, it is assumed that higher temperatures promoted dehydration reactions 
and increased the formation of WSP at the expense of bio-oil yields, which is shown by 
the experimental results presented in Table 5.3. 
Figure 5.2 also shows the effect of residence time on bio-oil and solid residue yields at 
constant temperature and solids concentration. Earlier researchers14,15 indicate lower bio-
oil yields at higher reaction times, which can be seen in Figure 5.2 as well. Increasing 
reaction time has caused a decrease in the oil yield; however, it has not affected the solid 
residues. During hydrothermal liquefaction, longer residence time may lead to 
decomposition or condensation of bio-oil to low molecular weight chemicals and solids 
by secondary or tertiary reactions.14,15 Considering that the solid residues formation was 
independent of reaction time in our experiments, the decrease in bio-oil yields at higher 
residence times was attributed to the formation of water soluble products. This can also 
be seen in Table 5.3 by comparing the experiments at constant temperature and solids 
concentrations. 
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Figure  5.2: Main effects plots for (a) bio-oil and (b) solid residue yields 
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higher solid residue production. Increasing solids concentration from 10 to 15 wt% led to 
a slight decrease and then an increase in the oil yields. The variation in the oil yields was 
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there are some fluctuations in solids data, as a general trend, increasing solids 
concentration had a small effect on increasing bio-oil yield but resulted in more solid 
residue production. 
5.3.1.2 Statistical Analysis 
The goal of the optimization was to maximize the bio-oil yield while maintaining the 
solid residue at a low level. CCD was used to develop a correlation between the three 
independent variables (temperature, solids concentration, and time), bio-oil and solid 
residue yields. The analysis was performed using Design Expert software (version 7.0) 
and the models were selected based on the highest order polynomials where the 
additional terms were significant and the models were not aliased. A reduced cubic model 
based on the coded values was found to best fit the responses. The significance of the 
coefficients was evaluated based on a confidence interval of 95% where the 
corresponding p-value is greater than 0.05. The models for prediction of bio-oil and solid 
residue yields are given in Eq. 5.3 and 5.4, respectively. 
ଵܻ ൌ 27.36 ൅ 6.51	 ଵܺ െ 2.84	ܺଶ ൅ 0.72	ܺଷ െ 1.04	 ଵܺܺଶ ൅ 1.01	 ଵܺܺଷ ൅ 1.00	ܺଶܺଷ െ
2.26	 ଵܺଶ െ 0.60ܺଶଶ ൅ 1.90 ଵܺଶܺଶ െ 1.80 ଵܺଶܺଷ     (5.3) 
ሺ ଶܻሻିଵ.଻ଶ ൌ 10ିଷ ൈ ሺ5.125 ൅ 3.272	 ଵܺ െ 0.1229	ܺଶ െ 3.438	ܺଷ െ 2.592	 ଵܺܺଷ ൅
0.4028	 ଵܺଶ ൅ 1.878	ܺଷଶ ൅ 0.6618	 ଵܺଶܺଷ ൅ 2.869 ଵܺܺଷଶሻ    (5.4) 
Where Yଵ and Yଶ are the bio-oil and solid residue yields (wt%), respectively, Xଵ is 
temperature (oC), Xଶ is reaction time (min), and Xଷ is solids concentration (wt%). The 
analysis of variance (ANOVA) for bio-oil and solid residue yields is presented in Tables 
5.4 and 5.5, respectively to test the statistical significance of the variables. The P-value of 
the models is less than 0.05, which indicates that the models are significant. The pure 
error of the models is also presented in the Tables. Pure error mean square is the variance 
associated with error of replication indicating how well a design point can be repeated 
obtaining the same result. For both models the pure error mean square is rather small 
indicating good reproducibility of the experiments. The lack of fit for both models is not 
significant suggesting that the model fits the experimental data very well. For bio-oil 
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model, solids concentration and residence time square are non-significant terms. As it is 
shown in Figure 5.2 a, solids concentration had a very small effect on bio-oil yield 
compared to temperature and residence time. This is also clear by comparing the 
coefficients of these terms in Eq. 5.3. The only non-significant term for solid residue 
model is the residence time, which was earlier seen in Figure 5.2 b that solid residue 
concentration is independent of residence time. Residence time also has the smallest 
coefficient in Eq. 5.4. 
 
Table  5.4: ANOVA for the reduced cubic model for bio-oil yield 
Source Sum of squares Degrees of freedom Mean square F-Value P-Value Remarks 
Model 745.23 10 74.52 71.36 < 0.0001 Significant 
Xଵ 578.98 1 578.98 554.45 < 0.0001 Significant 
Xଶ 45.51 1 45.51 43.58 < 0.0001 Significant 
Xଷ 2.95 1 2.95 2.83 0.1270  
XଵXଶ 8.63 1 8.63 8.27 0.0183 Significant 
XଵXଷ 8.10 1 8.10 7.76 0.0212 Significant 
XଶXଷ 7.94 1 7.94 7.60 0.0222 Significant 
Xଵଶ 74.55 1 74.55 71.39 < 0.0001 Significant 
Xଶଶ 5.23 1 5.23 5.01 0.0519  
XଵଶXଶ 11.93 1 11.93 11.43 0.0081 Significant 
XଵଶXଷ 10.69 1 10.69 10.24 0.0108 Significant 
Residual 9.40 9 1.04    
Lack of fit 5.99 4 1.50 2.20 0.2051  
Pure error 3.41 5 0.68    
Total 754.63 19     
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Table  5.5: ANOVA for the reduced cubic model for solid residue yield 
Source Sum of squares Degrees of freedom Mean square F-Value P-Value Remarks 
Model 5.97E-04 8 7.46E-05 771.12 < 0.0001 Significant 
Xଵ 6.06E-05 1 6.06E-05 626.04 < 0.0001 Significant 
Xଶ 2.06E-07 1 2.06E-07 2.13 0.1722  
Xଷ 6.69E-05 1 6.69E-05 690.93 < 0.0001 Significant 
XଵXଷ 5.37E-05 1 5.37E-05 555.33 < 0.0001 Significant 
Xଵଶ 2.36E-06 1 2.36E-06 24.41 0.0004 Significant 
Xଷଶ 5.13E-05 1 5.13E-05 530.43 < 0.0001 Significant 
XଵଶXଷ 1.45E-06 1 1.45E-06 15.00 0.0026 Significant 
XଵXଷଶ 2.73E-05 1 2.73E-05 281.98 < 0.0001 Significant 
Residual 1.06E-06 11 9.68E-08    
Lack of fit 8.16E-07 6 1.36E-07 2.74 0.1439  
Pure error 2.48E-07 5 4.96E-08    
Total 5.98E-04 19     
 
The normal probability and residual plots of the bio-oil and solid residue are shown in 
Figure 5.3 and 5.4. These plots were examined in order to check the model adequacy and 
validity. According to the normal probability plot in Figure 5.3, the data points appear on 
a straight line which shows the normal distribution of the errors, therefore, no 
transformation of the response for the oil and solid residue was required. The residual 
plot shown in Figure 5.4 has a random scatter indicating that the variance of the data is 
constant for all values of the response. 
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Figure  5.3: Normal probability plots for (a) bio-oil and (b) solid residue yields 
 
   
Figure  5.4: Residual vs. predicted values for (a) bio-oil and (b) solid residue yields 
 
The actual versus predicted bio-oil and solid residue yields are shown in Figure 5.5. The 
actual values are the ones measured after each experiment and the predicted values are 
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calculated using the fitted equations (Eq. 5.3 and 5.4). The values of R2 and R2adj were 
found to be 0.987 and 0.973 for bio-oil, and 0.998 and 0.997 for solid residue yields, 
respectively which show a good approximation of the results by the fitted equations. Also 
the R2predicted for the bio-oil and solid residue are 0.811 and 0.991, which are in reasonable 
agreement with their R2adj. 
 
 
 
Figure  5.5: The actual vs. predicted plot for (a) bio-oil and (b) solid residue yields 
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5.3.2 Response Surface Plots and Optimization of Process Conditions 
The three dimensional response surface plots and contour plots are shown in Figure 5.6. 
The main goal of the experimental design was to maximize the bio-oil yield while 
keeping the solid residue yield low. Considering that the bio-oil and solid residue yields 
are not independent of each other (the summation of all products is 100 wt%), the 
optimization process was performed with the Design Expert software based on the 
highest bio-oil yield only. Maximizing the oil yield would also mean minimizing other 
products including solid residue. Thus, solid residue yields were not included in the 
optimization and their predicted yield was calculated using the fitted Eq. 5.4. Therefore, 
the surface and contour plots are presented only for oil yields in Figure 5.6. 
The plots show the interaction between different parameters and their effects on the 
response. Figure 5.6 a shows the effect of temperature and reaction time on bio-oil yield. 
The graphs show that increase in temperature and shorter reaction time at constant 
concentration enhances the bio-oil production. There is an optimum point for temperature 
at around 313 oC. Figure 5.6 b shows that a combination of shorter reaction time and 
smaller substrate (solids) concentration at constant temperature can enhance the bio-oil 
yield. Figure 5.6 c suggests that temperature plays a more important role when the 
combination of temperature and concentration at constant reaction time is considered. At 
higher temperature almost all of the concentrations resulted in enhanced oil production. 
 
 
148 
 
        
     
         
Figure  5.6: Three dimensional response surface and contour plots for bio-oil yield at 
(a) constant solids concentration (10 wt%), (b) constant temperature (300 oC) and 
(C) constant reaction time (30 min) 
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Based on the results, the optimization was performed to maximize the bio-oil yield. Since 
higher concentrations of the feedstock are more beneficial from the waste utilization 
point of view, a constraint of Xଷ	> 10 wt% was applied to the optimization process. The 
optimization identified 12 options for optimum conditions and the one with the highest 
oil yield and lowest solid residue yield was chosen. The solid residue yield at the 
optimum operating conditions was calculated based on the fitted Eq. 5.4. The 
recommended optimal operating conditions were validated using experimental data (two 
replicate experiments) as presented in Table 5.6. The experimental and predicted values 
are in good agreement indicating good predictability of the models (Eq 5.3 and Eq 5.4). 
 
Table  5.6: Optimum operating conditions, predicted and experimental oil and solid 
residue yields 
Optimum operating conditions  Oil yield (wt%)  Solid residue yield (wt%) 
Temp. (oC) Reaction 
time (min) 
Concentration 
(wt%)  Predicted Experimental  Predicted Experimental 
310 10 10  33.55 33.73 + 0.98  16.51 15.51 + 0.72 
 
5.3.3 Molecular Weight Comparison  
The molecular weight (Mw) of the bio-oil was determined by GPC analysis and Mw 
varied from 411 to 685 g/mol. At optimum operating conditions of maximum oil yield, 
the molecular weight of oil is 535 g/mol. In a previous research by the authors, 
hydrothermal liquefaction of birch wood sawdust in hot-compressed water with the KOH 
catalyst at 300 oC, 10 wt% of initial substrate (solids) concentration and 30 min reaction 
time was performed.8 The molecular weight of the oil produced using birch wood 
sawdust was 856 g/mol. Although the bio-oil yield from sawdust (39.5 wt%) was higher 
than the oil yield from co-liquefaction of sawdust and sludge (33.7 wt%), there was a 
huge improvement in the molecular weight when these two waste feedstocks are mixed. 
The better quality of the oil produced from the mixed feedstock is also clear from the 
physical appearance and easy flowability. The molecular weight distribution of the two 
150 
 
bio-oil products is shown in Figure 5.7. A shift to lower molecular weights in the graph 
for sawdust and WAS indicates presence of lighter compounds in this oil compared to 
bio-oil from sawdust. This is probably due to presence of carbohydrates, proteins and 
lipids in WAS compared to more complex and larger molecules in sawdust such as lignin 
along with carbohydrates. 
 
 
Figure  5.7: Normalized molecular weight distribution of the bio-oils from 
hydrothermal liquefaction of sawdust and the mixture of sawdust and WAS 
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molecular weight bio-oil possibly due to more polymeric reactions. Although, lignin 
content of algae is much lower than wood sawdust, high solids concentration used in 
HTL experiments probably has caused the production of higher molecular weight bio-oil. 
 
Table  5.7: Molecular weight of bio-oils produced from sludge or lignocellulosic 
biomass 
Feedstock HTL operating conditions Mw (g/mol) Ref. 
Pinewood sawdust Temperature: 300 
oC, Reaction time: 15 min, solvent to 
biomass ratio: 10, Nitrogen atmosphere 1373 
16 
Algal biomass Temperature: 300 
oC, Reaction time: 30 min, solid 
concentration: 20%, Nitrogen atmosphere 1860-3980 
17 
Anaerobic sludge Temperature: 300 
oC, Reaction time: 30 min, solid 
concentration: 26%, Nitrogen atmosphere 3470 
7 
 
The presence of aromatic rings, nitrogen and oxygen can affect physical properties such 
as molecular weight. For example, the high Mw of sludge bio-oil is consistent with the 
high oxygen content derived from polymer-linking functional groups (e.g., esters, 
ethers).7 More detailed characterization of the bio- oil such as chemical components, 
functional groups, thermal stability etc. would provide a better understanding of the 
reason for the improved oil quality and will be investigated in our future work. 
5.4 Conclusions 
The optimum operating conditions found in this research (310 oC, 10 min and 10 wt% 
solids concentration) could be used to effectively co-liquefy WAS and sawdust and 
convert them into bio-oil with a relatively high yield and low solid production. The bio-
oil yield at these conditions was 33.73 wt% with a low solid residue of 15.52 wt% and a 
low molecular weight of 535 g/mol. The co-feeding has the advantage of treating two 
types of waste biomass at the same time and thus has the possibility of enhancing the 
process economy by increasing the substrate concentration. However, there seems to be a 
maximum solid concentration (around 10-15%) beyond which there is no increase in bio-
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oil production. Combining WAS and sawdust produced bio-oils with much lower 
molecular weight (hence less viscosity) compared to other bio-oils produced from only 
lignocellulosic biomass or sludge at the same operating conditions. 
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Chapter 6  
 
6 Comparative Studies of Co-Conversion of Waste 
Activated Sludge and Lignocellulosic Wastes through 
Hydrothermal Liquefaction 
 
Abstract 
The co-conversion of waste activated sludge and lignocellulosic waste biomass such as 
birchwood sawdust / cornstalk / waste newspaper to bio-oil via hydrothermal liquefaction 
(HTL) (at 310 oC, 10 min reaction time, 10 wt% substrate concentration, and KOH as a 
catalyst) was conducted. The highest bio-oil yield of 34.19 and 33.73 wt% was obtained 
by co-feeding waste activated sludge with cornstalk and sawdust, respectively. 
Characterization of the bio-oil products was performed using an elemental analyzer, GC-
MS, FT-IR and TGA. The feedstock type influenced the elemental composition and 
consequently the higher heating value of the bio-oils. Feedstock type did not affect the 
functional groups of the bio-oils; however, the bio-oils produced with mixed feedstock 
showed the significant presence of nitrogenous compounds, esters and fatty acids 
compared to the high percentage of phenolic compounds in the bio-oil produced with 
sawdust. Bio-oils produced by co-feeding sludge with sawdust in the same operating 
conditions showed a slight decrease in yield, but a significant decrease in the molecular 
weight than that of the bio-oil produced by only sawdust. The produced bio-oils with co-
feeding also have higher volatile matter and lower fixed carbon contents, higher fractions 
of low boiling point compounds, and lower thermal stability compared to the bio-oils 
produced using single feedstock. 
  
Keywords: Hydrothermal liquefaction, Co-conversion, Waste activated sludge, 
Lignocellulosic biomass   
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6.1 Introduction 
Municipal and industrial wastewater treatment plants generate a large volume of waste 
activated sludge as a result of biological treatment of the wastewater. The produced 
sludge poses a threat to the environment and needs further treatment prior to disposal or 
incineration.1 Sludge handling and management costs may be as high as 50% of the total 
cost of the wastewater treatment.2 Recently there has been a rising interest in developing 
more environmentally friendly processes to reduce the volume of the sludge for disposal 
and replacing the conventional sludge disposal methods such as landfilling and 
incineration by converting sludge into bio-energy. There are several options for energy 
recovery from sludge, such as biological and thermochemical processes which mostly 
result in production of biogas and bio-oil, respectively. 
Hydrothermal liquefaction (HTL) is a thermochemical process developed to produce 
energy from biomass in presence of water to avoid the energy-intensive drying, which is 
required in traditional sludge handling processes.3 It is a promising technology for 
converting waste biomass with high water content into value-added products, mainly bio-
oil and solid residue (bio-char) in the absence of oxygen at 150-450 oC under pressure 
(up to 25-30 MPa). Many parameters, such as type and compositions of feedstock, 
reaction temperature and time, the initial substrate concentration and the presence of 
catalysts can affect the liquefaction products yield and composition. Type of feedstock 
has a great influence on products distribution and composition as major biomass 
components such as lignin, hemicelluloses, and cellulose behave differently to 
hydrothermal operating conditions variations.4 Wide range of waste feedstocks including 
swine manure, cattle manure, microalgae, macroalgae, and wastewater sludge have been 
used in HTL process, which provide a significant waste-disposal benefit and has been 
found to be cost-effective compared to direct incineration of sludge.5,6 The HTL process 
also can achieve additional benefit of pathogen reduction when used for conversion of 
wastewater sludge meeting the stringent regulation on sludge land applications. 
An early study of sewage sludge liquefaction was performed by Kranich.7 Sewage sludge 
was converted to oil at different reaction temperatures in presence of hydrogen as 
reducing gas and catalysts such as Na2CO3, NiCO3 and Na2MnO4. The oil yields were 
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less than 20 wt% with water as the reaction medium.7,8 In 1986 the STORS process was 
patented as sludge-to-oil reaction system, operating at 300 oC, 10 MPa and 90 min, 
producing bio-oil from sludge with oil yields ranging from 10-20 wt% and char from 5-
30 wt%.5,9 In recent years some researchers have compared bio-oil production from HTL 
of sewage sludge with other types of waste biomass such as algae or manure. Vardon et 
al. (2011) studied the influence of feedstock composition by using Spirulina algae, swine 
manure, and digested sludge in hydrothermal liquefaction at 300 oC, 10-12 MPa pressure 
and 30 min reaction time. The organic matter of the feedstcocks was in the order of 
Spirulina algae > swine manure > digested sludge. Thus, the bio-oil yield also followed 
the similar trend with 32.6 wt% for algae, 30.2 wt% for manure, and 9.4 wt% for digested 
sludge. The feedstock type also had a great influence on the boiling point distribution of 
the bio-oils. The bio-oil from algae had the highest percentage of low boiling point 
compounds, while the bio-oil from sludge had the largest fraction of high boiling point 
compounds.6 In another work by Huang et al. (2013) three different types of biomass 
including rice straw (lignocellulosic biomass), Spirulina (microalgae), and sewage sludge 
were tested for hydrothermal liquefaction at 350 oC, 9.4-10.1 MPa and 20 min reaction 
time. Microalgae and sewage sludge are mainly composed of proteins, lipids and 
carbohydrates while the main components of rice straw are lignin, cellulose and 
hemicellulose. The bio-oil yield of the sludge was found to be higher (39.5 wt%) 
compared to microalgae (34.5 wt%) and rice straw (21.1 wt%), however it had the 
highest amount of solid production (45.7 wt%) and consequently lowest conversion. 
Using different types of biomass also had an important effect on the composition of the 
bio-oils. Rice straw bio-oil contained the highest phenolic compounds, while esters were 
the major compounds identified in the bio-oils derived from both sewage sludge and 
algae.10 In a previous work by the authors, the combination of waste activated sludge 
(WAS) and birchwood sawdust as a co-feed for bio-oil production was studied (Chapter 
5). Since WAS has high water percentage (> 90%), sawdust was added to increase the 
solids concentration and to enhance the economics of the wastewater liquefaction. 
Interestingly the bio-oil produced with the mixture of WAS and sawdust had the 
advantage of much lower molecular weight (hence less viscosity) compared to bio-oils 
produced from only lignocellulosic biomass or sludge at the similar operating conditions. 
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The operating parameters were optimized using experimental design for maximum bio-
oil production and found to be 310 oC, 10 min and 10 wt% of substrate concentration. In 
the present study, a comprehensive investigation was performed to characterize the bio-
oil products using different combinations of feedstock such as sawdust, cornstalk, 
newspaper, and waste activated sludge; co-liquefaction of these mixed feestock has not 
been previously studied. The results were compared with the bio-oil produced in HTL of 
only sawdust in a previous study by the authors at similar operating conditions.11 The 
effects of different feedstock mixtures on the bio-oil yields and characteristics were 
extensively examined through elemental analysis, composition of the oils and types of 
functional groups, heating values, thermal stability analysis, and boiling point distribution 
of the bio-oils. 
6.2 Materials and Methods 
6.2.1 Materials 
Birch wood sawdust was supplied from a local lumber mill in London Ontario. The 
cornstalks were obtained from a local farm. The raw material was milled into particle size 
less than 20 mesh. Used newspaper collected locally was soaked in water for 24 h, and 
then crushed into pulps with a blender. The pulps were then dried at 105 oC for 12 h, 
grounded with a Wiley Mill into particles < 20 mesh, and stored for future use. The WAS 
was collected from Adelaide Pollution Control Plant, London, Ontario. The WAS 
samples were taken from rotary drum thickeners and stored at 4 oC prior to the 
experiments. The catalyst, potassium hydroxide, was purchased from Sigma-Aldrich and 
used as received. For easy reference in the following section, the feedstock are designated 
as BS-WAS (the mixture of birch wood sawdust and WAS), CS-WAS (the mixture of 
cornstalk and WAS) and NP-WAS (the mixture of newspaper and WAS). A.C.S. reagent-
grade acetone, used as reactor rinsing/washing solvent for product separation, was 
purchased from Caledon Laboratory Chemicals and was used as received. 
6.2.2 Experimental Setup 
Hydrothermal liquefaction experiments were performed in a 100 mL stirred reactor (Parr 
4590 Micro Bench top reactor). The schematic diagram of the reactor is shown in Figure 
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3.1 (Chapter 3). In a typical run, appropriate amount of sawdust, cornstalk or newspaper 
(3.35, 3.5 and 3.45 g, respectively) was added to 40 g WAS to make dry, ash-free 
substrate concentration of 10 wt%. The feed mixture was charged into the reactor with 
KOH (5 wt% of substrate on a dry, ash-free basis) as a homogeneous catalyst, chosen 
based on a previous catalyst screening study conducted by the authors.11 Since WAS 
contained around 96 wt% water, no external water was added to the reactants as the 
solvent. The reactor was then sealed and the residual air inside was removed by purging 
with nitrogen for at least five times. Then the reactor was pressurized to 2 MPa using 
nitrogen and then heated under stirring. As soon as the reactor reached to 310 oC, it was 
hold at that temperature for 10 min. Then the reaction was stopped by quenching the 
reactor in a water/ice bath.  
6.2.3 Products Separation Procedure 
The procedures used for separating the products, i.e., bio-oil, water-soluble products 
(WSP), solid residue (SR) and gas are shown in Figure 5.1 (Chapter 5). After the reactor 
was cooled down to room temperature the gas in the reactor was collected into a 1.0 L 
gasbag for GC-TCD (Agilent Micro-GC 3000) analysis (120 mL air was injected into the 
gasbag as an internal standard). Then the reactor was opened and the solid/liquid products 
were removed from the reactor and transferred to centrifuge tubes. They were centrifuged 
at 4500 rpm for 10 minutes and filtered under vacuum through pre-weighed 0.45 µm 
glass fiber filter papers. The filtrate was collected as the water soluble product (WSP). 
The reactor was then rinsed with reagent-grade acetone to completely remove any 
remaining materials including bio-oils and the residual chars adhering on the inner 
reactor wall by scraping with a spatula. The slurry and rinsing acetone were collected and 
filtered under vacuum through 1.2 µm glass fiber separating the water insoluble solids. 
The total solid residue was rinsed with acetone until the filtrate became colorless. The 
total solid residue was dried at 105 oC overnight to constant weight to determine the yield 
of solid residue (SR) and biomass conversion while acetone from the filtrate was 
evaporated at 50 oC in a rotary evaporator. The dark color residue was weighed and 
designated as bio-oil. The yields of the products are then calculated based on dry, ash-
free (daf) initial biomass as described in detail in Chapter 4. 
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6.2.4 Analysis of Products 
Elemental analysis of the raw materials and products was performed on a Flash EA 1112 
analyzer, employing 2,5-bis (5-tert-butyl-benzoxazol-2-yl) thiophene (BBOT) as the 
calibration standard; oxygen content was estimated by difference. The heating value was 
calculated based on Dulong’s formula (HHV ൌ 0.3383C ൅ 1.422ሺH െ ୓଼ሻ) where C, H, 
and O are the mass percentages of carbon, hydrogen and oxygen, respectively.6 
The compositions of gaseous products were determined using gas chromatograph 
equipped with a thermal conductivity detector (GC-TCD Agilent Micro-GC 3000). 
The bio-oil products were analyzed by Waters Breeze gel permeation chromatography 
(GPC-HPLC) instrument (1525 binary pump, UV detector set at 270 nm, Waters Styragel 
HR1 column at 40 oC) for their average molecular weight and polydispersity index (PDI) 
using THF as the eluent at a flow rate of 1 ml min-1 and linear polystyrene standards. The 
average molecular weights of the bio-oils were obtained from the GPC profiles. 
They were also analyzed by a gas chromatograph-mass spectrometer [GC-MS, Agilent 
Technologies, 5977A MSD) with a SHRXI -5MS column (30 m × 250 µm × 0.25 µm) 
with a temperature program of 60 oC (hold for 2 min) → 120 oC (10 oC/min) → 280 oC (8 
oC /min, hold for 5 min)] for identifying the composition of bio-oils. The samples were 
diluted to 0.5% (g/g) with acetone and filtered to remove particles before analysis. The 1 
µl sample was injected with a split ratio of 10:1. Compounds in the heavy oil were 
identified by means of the NIST Library with 2011 Update. 
Volatile matter (VM) and fixed carbon (FC) contents of the samples were determined by 
PerkinElmer Pyris 1 Thermal gravimetric analyser (TGA) in a nitrogen and air 
atmosphere with the gas flow rate of 20 mL min-1. The samples were oven dried at 60 oC 
for an hour before the analysis. They were then heated from 40 oC to 900 oC under N2 
atmosphere with a heating rate of 10 oC min-1, and the weight loss (TG) and the rate of 
weight loss (DTG) of the samples were recorded continuously. The gas was then 
switched to air and the samples were burned in the air at 900 oC for 20 minutes to 
determine their fixed carbon (FC) and ash content. 
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A total organic carbon (TOC) analyzer (Shimadzu TOC-ASI) was used to measure the 
total organic carbon content in water soluble products. The moisture content and ash 
contents were determined based on ASTM E1756-08 (drying the samples at 105 oC for at 
least 12 hours) and ASTM E1755-1 (heating the samples at 575 oC for three hours) 
respectively. Physico-chemical analyses of the sludge including total solids (TS), volatile 
solids (VS), and chemical oxygen demand (COD) were performed according to the 
Standard Methods.12 The Fourier transform infrared spectrometer (FT-IR) analyses were 
conducted on a PerkinElmer FT-IR spectrometer and the spectra were recorded in the 
region of 4000-550 cm-1. 
The chemical composition of the produced ash was determined using inductively coupled 
plasma (ICP-AES). The solid samples underwent an acidic digestion with nitric and 
sulfuric acid at 90 oC for 1 hour. They were then cooled to ambient temperature followed 
by filtration and dilution prior to ICP analysis. The samples were heated up to 6000–8000 
K in order to vaporize and ionize the target metals Na, K, Mg, Ca, Mn, Fe, Zn, Al and Si. 
The ions were detected and analyzed by atomic emission spectrometry. 
6.2.5 Biochemical Methane Potential (BMP) Test 
Biochemical methane potential (BMP) was measured using an automatic test system 
AMPTS II (Bioprocess Control, Sweden). Since the optimum pH for methanogenic 
bacteria is between 6.6 and 7.6, pH of the samples was adjusted before the BMP test by 
adding appropriate amount of KOH. The batch anaerobic reactors were seeded with 
digestate (VS ~1.1%) collected from Guelph wastewater treatment plant, Ontario, and fed 
with respective substrate (WSP) at a substrate to inoculum ratio of approximately 1:3 on 
a mass VS basis. Untreated samples were used with seed as the control and seed alone 
was used in the blank to account for the background methane produced by the seed. The 
BMP test was conducted in triplicate at 37 oC for approximately 31 days. 
6.3 Results and Discussion 
6.3.1 Feedstock Characterization 
The physiochemical characteristics of the different feedstock are given in Table 6.1. 
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Table  6.1: Characteristics of the feedstock 
Parameter Birchwood sawdust Cornstalk Newspaper WAS 
Proximate analysis     
Volatile matter (VM)a,b 
(wt%) 
83.45 74.08 76.14 62.24
Fixed carbon (FC)a,b (wt%) 16.32 15.21 14.64 14.09 
Asha,b (wt%) 0.23 10.71 9.22 23.67 
Moisture (wt%) 0c 0c 0c 96.1 
pH - - - 7.76 
Ultimate analysisa     
C (wt%) 47.6 42.8 42.1 38.04 
H (wt%) 6.3 5.7 5.5 5.23 
N (wt%) 0 0.46 0 7.20 
S (wt%) 0 0 0 0.75 
Od (wt%) 45.9 40.3 43.2 25.1
H/C 1.59 1.60 1.57 1.65 
N/C 0 0.01 0 0.16 
O/C 0.72 0.71 0.77 0.50 
HHVe (MJ/kg) 16.9 15.5 14.6 16.0
a- On a dry basis 
b- Determined by TGA at 900 oC in nitrogen and air atmosphere 
c- Raw material was dried in an oven at 105 oC for 24 hr before the experiments 
d- Calculated by difference (100% - C% - H% - N% -S%-Ash%)  
e- Higher Heating Value (HHV) calculated by Dulong formula, i.e., HHV (MJ/kg) =0.3383C+1.422(H-O/8) 
 
The proximate analysis of the feedstocks shows that birchwood sawdust had the highest 
overall volatile matter content on a dry weight basis (83.5%) compared to newspaper 
(76.1%), cornstalk (74.1%) and WAS (62.2%). The organic matter of lignocellulosic 
biomass is mostly comprised of lignin, cellulose and hemicelluloses, while it is mostly 
proteins, lipids and carbohydrates for wastewater sludge. In contrast to volatile matter, 
the ash content in waste activated sludge was as high as 23.6% compared to 10.7% for 
cornstalk, 9.2% of newspaper, and negligible amount for sawdust (0.23 %).  The metal 
contents in the ash were analyzed by ICP-AES and the results are shown in Table 6.2.  
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Table  6.2: Concentration of major inorganic elements in ash detected by ICP-AES 
 Sawdust (wt%) Cornstalk (wt%) Newspaper (wt%) WAS (wt%) 
Aluminum (Al) 0.76 0.51 2.39 0.75 
Barium (Ba) 0.02 0.01 0.01 0.09 
Calcium (Ca) 13.27 8.11 21.81 9.87 
Chromium (Cr) Nd 0.02 Nd 0.03 
Copper (Cu) 0.02 0.01 0.04 0.23 
Iron (Fe) 0.68 0.65 0.19 25.36 
Potassium (K) 12.19 19.61 0.06 2.18 
Magnesium (Mg) 2.74 2.34 0.53 1.47 
Manganese (Mn) 0.43 0.04 Nd 0.25 
Sodium (Na) 2.01 0.26 1.37 2.91 
Nickel (Ni) Nd 0.01 Nd Nd 
Silicon (Si) 0.07 0.03 0.04 1.21 
Zinc (Zn) 0.19 0.03 0.01 0.16 
 Nd: Not detected 
 
The analysis shows that the main constituents of the ash fraction were calcium, potassium 
and magnesium for the lignocellulosic biomass and iron and calcium for the waste 
activated sludge. The elemental analysis of the feedstocks shows that nitrogen 
concentration in sludge was higher in comparison to lignocellulosic biomass most likely 
due to the presence of proteins. Proteins also contain sulfur, and there are some sulfur-
containing amino acids, such as methionine and cysteine.13 Hence, nitrogenous and sulfur 
compounds (formed due to thermal degradation of proteins) could be expected in the 
liquefaction products. The molar ratio of H/C and O/C in different feedstock ranged from 
1.57-1.65 and 0.50-0.77, respectively with low high heating values (HHV) of 14.6-16.9 
MJ/kg. 
6.3.2 Products Distribution 
The yields of products, percentage of conversion and molecular weight of bio-oils are 
given in Table 6.3. Since the yields of gaseous products in all of the experiments were 
minimal (less than 1 wt%), they are not included in the rest of the discussion. The Micro-
GC analysis showed that the major portion of the gaseous products was carbon dioxide 
with traces of hydrogen and ethylene.  
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Table  6.3: Distribution of products and molecular weight of the bio-oils from HTL 
of different feedstocks* 
Feedstock Oil yield (wt%) Solid yield (wt%) 
WSP yield 
(wt%) 
Conversion 
(wt%) 
MW 
(g/mol) Experimental Theoretical 
BS-WAS 33.7 + 0.3 35.03 15.5 + 0.1 50.7 + 0.2 84.5 + 0.1 535 
CS-WAS 34.2 + 2.3 25.26 6.4 + 1.1 59.4 + 1.3 93.6 + 1.1 448 
NP-WAS 28.8 + 0.6 37.96 10.3 + 0.1 60.9 + 0.7 89.7 + 0.1 562 
WAS 23.1 + 3.8 - 13.2 + 1.7 63.7 + 5.5 86.8 + 1.7 415 
BS1 39.5 + 2.8 - 12.0 + 1.2 48.2 + 3.9 87.9 + 1.2  856 
CS 26.08 - 10.72 63.20 89.28 451 
NP 43.58 - 13.72 42.70 86.28 615 
* Operating conditions are 310 oC, 10 min and 10 wt% solid concentration in the presence of KOH as catalyst 
1 Result taken from a previous study by the authors 11 (300 oC, 30 min and 10 wt% solid concentration) 
 
Comparing the experimental yields, BS-WAS and CS-WAS produced the highest amount 
of bio-oil with the CS-WAS producing the lowest amount of solid residue and 
consequently the highest conversion rate. As a general trend the extent of conversion for 
different biomass constituents under HTL conditions is in the order of lipids > proteins > 
carbohydrates.10 Low conversion of carbohydrates is mainly due to higher hemicellulose 
and lignin contents; this is in agreement with the lower bio-oil yield for NP-WAS. 
Typically, newspaper has higher percentage of cellulose and lignin compared to cornstalk 
and sawdust.14–19 This is also confirmed by TGA analysis of the feedstock which will be 
discussed later in the next sections. The highest conversion of CS-WAS could also be due 
to the lowest lignin content of cornstalk compared to two other lignocellulosic biomass. 
Previous research shows that hydrothermal processing of lignin increases solid 
production since lignin depolymerization is subsequently followed by re-polymerization 
or self-condensation.20,21 Similar results for co-liquefaction of waste newspaper and 
pulp/paper-mill sludge were reported by Zhang et al.19 at 300 oC, 20 min and 11.3 wt% 
solid concentration in the presence of 5 wt% of KOH as catalyst. In their case, the bio-oil 
yield was 31.2 wt% with the solid residue of 15.6 wt%. 
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The higher conversion for CS-WAS may also be attributed to the presence of large 
amount of potassium in the cornstalk ash that can play the role of a catalyst. The catalytic 
role of ash has been previously reported by other researchers.19,22 Presence of potassium 
is shown to be effective for suppressing solid yields during hydrothermal liquefaction. It 
was reported earlier that potassium carbonate can result in reduced solid residue while 
potassium hydroxide promotes water-gas shift reaction.20,23 Bhaskar et al. reported a 
conversion of almost 96 wt% with 0.5 M K2CO3 in hydrothermal liquefaction of woody 
biomass at 280 oC for 15 min.24 Sodium salts can also increase bio-oil yield and suppress 
char formation, however, their activity is less than potassium salts.20 In a study by Yang 
et al. the effects of K2CO3 on biomass conversion was found to be much higher than 
NaOH.25 Minor elements such as Fe or Ni may have also contributed to the reduced solid 
yields of the experiment with the mixture of cornstalk and WAS. 
The oil yields from liquefaction of only WAS, only birchwood sawdust (BS), only 
cornstalk (CS) and only newspaper (NP) are also listed in Table 6.3 for comparison. 
Considering these yields and the ratio of lignocellulosic feedstock to WAS in co-feeding 
experiments and from the rule of mixtures, the theoretical yield from co-feeds are 
calculated and presented in Table 6.3. Comparison of the theoretical yield with the oil 
yield obtained experimentally shows that type of feedstock has a great influence on the 
effect of co-feeding. For example for the BS-WAS sample the yields are almost the same 
indicating that the addition of sawdust to WAS has no synergistic effect on oil yield. 
However, for CS-WAS improvement in oil yield compared to the theoretical yield is 
observed. In the case of NP-WAS, addition of newspaper to WAS seems to have 
detrimental effects on co-liquefaction of these two feedstocks.  
The molecular weight of the bio-oils presented in Table 6.3 were measured by GPC and 
was in the range of 448-562 g/mol with the lowest molecular weight of 448 g/mol for CS-
WAS bio-oil. The molecular weight of bio-oils from single feedstocks is also reported for 
comparison. The key finding is that if additional lignocellulosic biomass, such as 
sawdust, cornstalk, MSW, is added as a co-feed to the wastewater sludge, the bio-oil 
produced will have a lower molecular weight and hence lower viscosity compared to the 
bio-oil produced using lignocellulosic biomass alone indicating synergistic effects of co-
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liquefaction of lignocellulosic biomass and wastewater sludge. For example, the 
molecular weight of the bio-oil from BS (856 g/mol) is considerably enhanced when BS 
is mixed with WAS (with the molecular weight of 535 g/mol for BS-WAS). The CS-
WAS sample was the one showing the least effect of co-feeds on its molecular weight. 
This is also shown in Fig. 6.1 which presents the molecular weight distribution of the bio-
oils produced from single feedstocks and co-feeding. According to this Fig., higher 
amounts of low-molecular weight compounds are present in the bio-oils from co-feeds 
compared to single lignocellulosic biomass. The bio-oils from co-feeds and the ones from 
only BS and only WAS are characterized through different analysis in the next sections. 
 
 
Figure  6.1: Normalized molecular weight distribution of the bio-oils (dashed lines 
represent the experiments with co-feeding and solid lines represent the experiments 
with single feedstock) 
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6.3.3 Elemental Analysis and Higher Heating Value 
The elemental analysis of bio-oils and solid residues produced with different feedstocks 
and their higher heating values (HHV) are presented in Table 6.4. The carbon contents of 
the bio-oils (69-72%) are much higher than that of the original biomass materials (38-
47.6%). In addition, the oxygen contents of the oils are 16.3-22.1%, significantly lower 
compared to 25.1-45.9% in the feedstocks, resulting in increased higher heating values of 
the oils. The bio-oils have HHV of 26.3-32 MJ/kg in contrast to only 14.6-16.9 MJ/kg for 
the raw feedstocks. Van Krevelen diagram (Figure 6.2), illustrates the molar H/C and 
O/C ratios and provides insight into the effects of different feedstock type on the 
elemental composition of the products. The O/C ratios of bio-oils from the mixture of 
WAS and lignocellulosic biomass lie between the O/C ratios of bio-oils from only WAS 
and BS with much lower O/C ratios and higher H/C ratios for BS-WAS and NP-WAS 
compared to the O/C and H/C ratio of the bio-oil from BS. BS-WAS and NP-WAS show 
similar compositions and thus have similar higher heating values, however the bio-oil 
from CS-WAS has higher oxygen and lower hydrogen content resulting in lower HHV. 
Generally, the H/C molar ratio of the oils (0.85-1.26) decreased compared to initial H/C 
ratio of the feedstock (1.57-1.65). A lower H/C molar ratio indicates the dehydrogenation 
of alcohols and amines with subsequent production of aldehydes, ketones, and carboxylic 
acid derivatives. Lower H/C molar ratios also suggest a higher degree of unsaturated 
compounds in the bio-oils. The O/C ratio for all of the produced oils (0.17-0.24) is much 
lower than that of the biomass feed (0.50-0.75 from Table 6.1), suggesting occurrence of 
deoxygenation reactions (dehydration and/or decarboxylation) of the intermediates, 
finally resulting in the production of WSP and CO2.26 Significant amounts of water (50-
60 wt%) were formed as the WSP as presented in Table 6.3. The main component of the 
gas product was CO2 according to Micro-GC analysis. This suggests that the oxygen in 
biomass is predominantly removed in the form of CO2 and WSP during the liquefaction 
process. 
The elemental composition of solid residues shows that hydrogen content of chars was in 
the range of 2.2% to 3.9%. Carbon existed in chars mainly in the form of coke with the 
content of 25.3% to 50.7%. The H/C molar ratio of the chars was 0.92-1.1, suggesting the 
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presence of mainly aromatic compounds. In addition, the oxygen existed mainly in the 
ash components, combined with metal elements in the form of metal oxides which were 
inactive during the whole process. Comparing these solids with the solid residue from 
sawdust experiment, indicates that although there are higher H/C values, and 
substantially lower oxygen content, the heating values are lower due to high ash present 
in the solid resides from the co-feeds. The solid residues could be used as energy source 
for other plant operations. However, the ash should be removed from the solids before 
they can be used for as solid fuels for heat generation since ash remains as a residue after 
incineration and high ash content can cause serious corrosion problems. 
WAS with higher carbon and hydrogen content and lower oxygen content improves the 
bio-oil quality obtained from co-feeding. The H/C molar ratio of 1.1 for the bio-oil from 
only sawdust indicates the presence of aromatic compounds and thus higher viscosity for 
this oil. On the other hand, another important difference is the higher concentration of 
nitrogen and presence of sulfur in the bio-oils produced with the co-feeds with WAS due 
to higher levels of sulfur and nitrogen in WAS compared to other feedstock. The high 
protein content of WAS resulted in high nitrogen contents (3.1-3.6%) compared to the 
nitrogen content of the bio-oil produced with sawdust (0.1%). However, the sulfur 
content of these bio-oils is still relatively low compared to many petroleum crudes with 
the sulfur range of 0.1 % to 3%.27 The nitrogen and oxygen contents of the bio-oils are 
still too high compared to the petroleum oil that has 0.05-1.5% of oxygen and 0.01-0.7% 
of nitrogen, respectively. To improve the quality of these bio-oils, further upgrading 
processes would be needed. 
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Table  6.4: Elemental composition of bio-oils and solid residues obtained from HTL 
Feedstock 
 Bio-oils   Solid residues 
C 
(%) 
H 
(%) 
N 
(%) 
S 
(%) 
O 
(%)a 
H/C 
(-) 
O/C 
(-) 
HHV 
(MJ/kg)b  
C 
(%) 
H 
(%) 
N 
(%) 
S  
(%) 
H/C 
(-) 
O and metal 
elements (%)a 
BS-WAS 72.1 7.5 3.1 0.1 17.0 1.25 0.18 32.0  50.7 3.9 2.6 0.1 0.92 42.7 
CS-WAS 69.1 4.9 3.6 0.1 22.1 0.85 0.24 26.4  25.3 2.2 1.8 0 1.04 71.6 
NP-WAS 72.4 7.6 3.4 0.2 16.3 1.26 0.17 32.4  33.9 3.1 1.8 0 1.10 62.3 
BSc 66.5 6.1 0.1 0 27.3 1.10 0.31 26.3  69.8 4.5 0.2 0 0.77 25.5 
WAS 76.3 9.3 5.5 0.4 7.8 1.46 0.08 37.7  18.8 2.1 1.7 0.1 1.34 77.3 
a Calculated by difference (100% - C% - H% - N% - Ash%) assuming negligible sulfur content; 
b Higher Heating Value (HHV) calculated by Dulong formula, i.e., HHV (MJ/kg) =0.3383C+1.422(H-O/8) 
c Result taken from previous study by the authors at almost the same operating conditions (300 oC, 30 min 
and 10 wt% solid concentration) 
 
 
Figure  6.2: The Van Krevelen diagram of feedstocks and bio-oils 
 
To have a better understanding of the carbon distribution in the products, a material 
balance of the process was performed as presented in Table 6.5. The carbon composition 
of bio-oils and solid residues were determined by elemental analysis and the carbon 
content of the WSP and gas products were obtained by total organic carbon (TOC) and 
Micro-GC analysis, respectively. Carbon recovery was calculated based on the total % 
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mass of carbon in the products in relation to the mass of carbon in dried feedstock. The 
total carbon recovery was in the range of 89-99% as shown in Table 6.5. 
 
Table  6.5: Carbon distribution in the bio-oil products from liquefaction 
Sample name Oil (%) Solid (%) WSP (%) Gas (%) Total C (%) 
BS-WAS 54.03 17.54 28.07 0.01 99.66 
CS-WAS 56.92 3.91 35.99 0.03 96.86 
NP-WAS 50.82 8.54 30.34 0.03 89.74 
 
The largest portion of the carbon in feedstock was transferred to the bio-oil. A smaller 
portion ended up in water soluble product and only a very small fraction, especially in 
case of CS-WAS was transferred to the solid. The best carbon recovery (99.66%) was 
obtained with BS-WAS. Lower mass balance in some cases is probably due to the loss of 
some low boiling point compounds.25,28 
6.3.4 Effects of Feedstock Type on Bio-Oils Functional Groups 
FT-IR analysis of the bio-oils in the range of 4000-550 cm-1 was performed to identify 
the functional groups and the results are presented in Figure 6.3. All bio-oils show similar 
functional groups regardless of the type of biomass. The difference is only in the intensity 
of the peaks. The broad absorption at 3350 cm-1 is typical of O-H stretching suggesting 
the presence of alcohols, phenols, carboxylic acids, and water residues in the bio-oil. It is 
also attributed to the N-H stretch of protein group. The bands between 3000 and 2840 cm-
1 represent C-H stretching vibrations indicating the presence of alkyl C-H. The intensities 
of these peaks in the bio-oils with co-feeds are stronger than those from sawdust 
indicating that more alkyl groups are present in these oils. The absorbance at 1700 cm-1 
represents the C=O stretching vibration of carbonyl groups and indicates the presence of 
ketones, aldehydes, and carboxylic acids in the oils. The peaks at 1611 cm-1, 1516 cm-1 
and 1456 cm-1 represent aromatic ring and its derivatives. The intensity of these peaks, 
especially the ones at 1611 cm-1 and 1516 cm-1 is stronger in the oil from sawdust 
indicating that this oil contains more of these compounds. The bands between 1280 and 
1000 cm-1 can be attributed to C-O vibrations suggesting the possible presence of acids, 
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phenols or alcohols in the bio-oil. The two absorptions at 1370 and 1456 cm-1 are 
attributed to methyl (-CH3) and methylene (-CH2) groups, respectively.  
 
 
Figure  6.3: FT-IR spectra of bio-oils produced from co-liquefaction of WAS and 
liqnocellulosic biomass 
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6.3.5 Effects of Feedstock Type on the Bio-Oils Chemical Composition 
The bio-oil products were analyzed by GC-MS for identification of the chemical 
compositions. It should be noted that only a fraction of the products formed by HTL are 
identifiable by GC–MS due to the high molecular weights and boiling points. 
Furthermore, some low boiling point compounds may have been masked by the solvent 
peak or lost when evaporating the acetone during the separation procedure.6 
As shown in Table 6.6, nitrogenous compounds, fatty acids and phenols make the major 
fraction of the bio-oils from BS-WAS and NP-WAS, while the largest fraction of the bio-
oil from CS-WAS are esters followed by fatty acids and nitrogenous compounds. Other 
components such as alkanes, alcohols, amines, amide, benzene compounds and ketones 
were also identified. The highest fraction of phenolic compounds was found in BS-WAS 
bio-oil followed by NP-WAS and CS-WAS bio-oils. Phenolic compounds such as 2-
methoxy-phenol and 4-ethyl-2-methoxy-phenol were primarily originated from the 
degradation of lignin components by cleavage of the aryl ether linkages. They can also be 
derived from carbohydrates and protein fraction.10 Cornstalk typically has lower lignin 
content compared to sawdust and newspaper.14–19 Thus the oil from CS-WAS had the 
lowest amount of phenolic compounds among the other oils. Protein content of WAS 
resulted the production of bio-oils with a high percentage of nitrogenous compounds. 
Presence of these compounds such as 1-dodecamine, 2-methyl-propanamide and 1-
acetyl-4-[1-piperidyl]-2-butynone indicates that proteins were degraded through 
decarboxylation and rearrangement of amino acids. The nitrogen-containing organic 
compounds might react with sugars to form pyridines via the Maillard reaction.29 
Presence of pyridine in the bio-oils confirms the occurrence of this reaction. Esters made 
the major components of the oil obtained from the CS-WAS. Decomposition of furan 
derivatives which are originated from the decomposition of cellulose may contribute to 
the formation of esters. All of the bio-oils had considerable fraction of fatty acids which 
are produced from decomposition of lipids in WAS. 
The bio-oils produced with the mixture of WAS and lignocellulosic biomass had much 
lower phenolic compounds than that from sawdust, considerably higher amounts of esters 
compared to the oils from sawdust alone and WAS alone, and much higher percentage of 
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fatty acids, nitrogenous compounds and saturated compounds compared to the oil from 
sawdust. Same difference in the compounds was reported by Huang et al.10 for the bio-oil 
produced from sewage sludge and rice straw. Their study shows that the bio-oil from 
sewage sludge had much fewer phenolic compounds compared to the bio-oil from rice 
straw, while having a higher percentage of acids, esters and nitrogenous compounds. This 
was attributed to the lower lignin content of the sewage sludge. The contents of benzene 
and benzene derivatives were very low in the oils produced in presence of WAS, 
however, these compounds were still higher than the bio-oil from sawdust, suggesting 
that the –OH of phenols was more easily removed in the reactions with the mixture of 
WAS and lignocellulosic biomass. The total percentages of aromatics including benzene 
derivatives, phenols and benzaldehyde are much higher in the oil produced with sawdust 
compared to the oil from co-feeds which was also confirmed in the FT-IR analysis. 
 
Table  6.6: GC-MS analysis for the bio-oils from different feedstocks 
No RT (min) Compound Name 
Relative composition by percent area 
BS-WAS CS-WAS NP-WAS BS WAS 
1 2.860 Pyridine 3.38    
2 3.983 2-Pentanone, 4-hydroxy-4-methyl- 4.98 4.31 5.33 15.09 1.22 
3 5.452 2-Cyclopenten-1-one,2-methyl-  2.13  
4 5.603 2-Pyrrolidinone, 1-methyl   25.02 
5 6.877 4,4-Dimethyl-2-cyclopenten-1-one  2.11  
6 7.724 2-Cyclopenten-1-one,2,3-dimethyl-  1.37  
7 8.230 Undecanoic acid   2.32 
8 8.245 Cyclopropane, 1,1-dimethyl-2-(2-methyl-1-propenyl)-    1.47  
9 8.376 1,7-Trimethylene-2,3-dimethylindole   0.68 
10 8.427 4-Thiomethyl-5-amino veratrole   1.74 
11 8.468 Phenol, 2-methoxy- 11.86 2.32 9.26 14.82  
12 8.509 Oleyl alcohol, trifluoroacetate   2.61 
13 8.544 Ethanone, 1-(1-cyclohexen-1-yl)-  2.85  
14 8.911 Tridecanoic acid   19.56 
15 9.006 Pyridine, 3-methyl-, 1-oxide 1.93   
16 9.032 2,3-Dicyano-2-(2-oxo-cyclododecyl)-succinonitrile     1.22 
17 9.038 Ethanone, 1-(2-methyl-1-cyclopenten-1-yl)- 1.24    
18 9.082 Phenol, 2-methoxy-, acetate  1.25   
19 9.178 Cyclooctacosane   2.34 
20 9.248 1-Hexadecanamine   0.72 
21 9.477 5,5-Dimethyl-1,3-cyclohexanedione dioxime   2.24 
22 9.553 Oleic Acid   17.57 
23 9.751 6-Ethyl-2,3-dimethyl-4-(2-furyl)pyridine   1.49 
24 9.929 Hexadecanamide   2.73 
25 9.973 9-Octadecenamide, (Z)-   4.78 
26 10.039 Creosol  5.33  
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27 10.043 Octanamide, N,N-dimethyl-   2.24 
28 10.641 Phenol, 3-ethyl- 3.03   
29 10.718 Phenol, 3,4-dimethyl- 1.14   
30 10.743 Phenol, 2-ethyl- 0.23   
31 10.809 3-Trifluoroacetoxypentadecane  1.47  
32 10.813 Guanidine, N-[3-[(2-bromophenyl)amino]-1-propenyl]-     3.06 
33 11.305 Phenol, 4-ethyl-2-methoxy- 1.79 0.45 11.48  
34 11.729 3,7-Dimethyl-2,3,3a,4,5,6-hexahydro-1-benzofuran   2.43   
35 11.761 Benzene, 1,4-dimethoxy-2-methyl- 0.77  0.71   
36 12.591 Phenol, 2-methoxy-4-propyl- 5.48  1.86 6.67  
37 12.661 Phenol, 2-methoxy-4-(1-propenyl)-  2.85  
38 13.195 Benzenethanamine, 3,4-dimethoxy-?-methyl-  1.36  
39 13.262 Cholest-4-ene   3.98 
40 13.599 Acetamide, 2-(adamantan-1-yl)-N-(1-adamantan-1-ylethyl)-     2.09 
41 13.663 Phenol, 2,6-dimethoxy- 2.51   
42 13.746 Ethyl iso-allocholate   2.11 
43 13.755 8-Hexadecenal, 14-methyl-, (Z)-  0.81  
44 14.315 Phenol, 2-methoxy-6-(1-propenyl)-  3.35  
45 15.695 Phenol, 3-methoxy-2,4,6-trimethyl-  1.78  
46 16.229 2-Propanone, 1-(4-hydroxy-3-methoxyphenyl)-  4.61  
47 16.679 m-Ethylaminophenol 3.12    
48 17.973 Phenol, 4-(ethoxymethyl)-2-methoxy-  4.40  
49 18.040 1-Dodecanamine 0.65    
50 18.043 Benzeneacetic acid,.alpha.-hydroxy-2-methoxy-  1.75  
51 18.450 Benzaldehyde, 2-hydroxy-3-(2-propenyl)-  0.97  
52 19.204 Propanamide, 2-methyl- 2.10 1.20   
53 19.219 4-(3-Aminobutyl)-2-methoxyphenol  2.05  
54 19.224 Hexadecanoic acid, methyl ester 13.23 9.79   
55 19.243 Decanoic acid, 2-methyl- 2.68    
56 19.551 Formic acid, 2-bromomethyl-4,4-dimethyl-3-(3-oxobut-1-enyl)cyclohex-2-enyl ester    0.96  
57 19.602 Phenacetic acid, 2,3,5,?,?-pentamethyl-6-carboxy-    2.10  
58 19.665 Phenol, 2-[(N,N-dimethylamino)methyl]-3,5-dimethyl-    1.21  
59 19.688 Cholestane-3,5-diol, 5-acetate, (3beta,5alpha)-   0.26 
60 20.445 n-Hexadecanoic acid 21.04 19.36 26.63   
61 20.522 2-Butynone, 1-acetyl-4-[1-piperidyl]- 1.07    
62 20.541 Oleic Acid 0.85 6.16 17.28   
63 21.489 13-Octadecenoic acid, methyl ester 18.25   
64 21.501 9,12,15-Octadecatrienoic acid, 2-(acetyloxy)-1-[(acetyloxy)methyl]ethyl ester, (Z,Z,Z)-   3.77   
65 21.571 Heptadecanoic acid, 9-methyl-, methyl ester 5.19   
66 21.597 2-Hydroxy-(Z)9-pentadecenyl propanoate 7.25   
67 22.265 Bis(dimethylamino)phosphinic chloride 2.96   
68 22.659 Hexamethylphosphoramide 0.88 5.86   
69 22.691 3-Trifluoroacetoxypentadecane 10.36    
70 22.716 Ethanamine, 2-phenoxy- 12.06    
71 22.736 9-Hexadecenoic acid 2.45   
72 22.742 2-Methyl-Z,Z-3,13-octadecadienol  5.66   
73 22.774 Butyronitrile, 2-(trimethylsilyloxy)-(3S)-(t-butoxycarbonyl)amino- 9.54  10.50   
74 22.780 Pterin-6-carboxylic acid 2.15   
75 22.837 1,1-Dichloro-2-methyl-3-(4,4-diformyl-1,3-butadien-1-yl)cyclopropane 4.95     
76 23.569 1,4-Diphenyl-3-chloro-3-(methoxycarbonyl)-azetidin-2-one 1.19     
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77 23.823 2-(Dimethylamino)-1,3-dimethyltetrahydro-1,3,2-diazaphosphole 2-oxide   3.14   
78 23.957 Morphinan-6,14-diol, 7,8-didehydro-4,5-epoxy-3-methoxy-17-methyl-, (5.alpha.,6.alpha.)-   2.38   
Total area (%) 99.99 99.98 99.99 93.00 99.99 
 
6.3.6 Thermal Gravimetric Analysis  
6.3.6.1 Thermal Gravimetric Analysis of the Feedstocks 
The TG and DTG curves for the different feedstocks are shown in Figure 6.4. All three 
lignocellulosic biomass feedstocks had similar decomposition curves (TG) with more 
weight loss for sawdust due to its higher volatile matter content. However, they were 
visibly different from the TG graph for WAS. The difference between the sludge profile 
and lignocellulosic biomass profiles is due to the different organic and inorganic matter 
characteristics. It is generally known that the biomass materials mainly consist of protein, 
carbohydrates, lignin and lipids. As already mentioned, sludge mostly consists of 
proteins, lipids and carbohydrates, while lignocellulosic biomass mostly comprises of 
carbohydrates and lignin. The hemicelluloses structure of sawdust, newspaper and 
cornstalk started to decompose at around 280-300 oC followed by the degradation of 
cellulose at 300-400 oC. However, the decomposition of sludge started at around 200 oC 
which is 80-100 oC less than the lignocellulosic biomass with a shallower slope 
indicating the lower amounts of volatile matter for the sludge. The decomposition curve 
of the sludge has two distinguished phases: The first phase at 200-370 oC could be 
attributed to the presence of biodegradable matters and organic polymers in the cells and 
the second phase occurs at 370-500 oC corresponding to the non-biodegradable organics 
such as cellulosic and similar materials. The same TGA profile for lignocellulosic 
biomass and sewage sludge was reported by other researchers.30–34 
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Figure  6.4: TGA (a) and DTG (b) curves for the feedstocks 
 
The differences in thermal decomposition of different feedstock types can be seen from 
the shape of the DTG curves. A slight weight loss peak at temperatures around 100 oC is 
attributed to the dehydration of moisture and release of light volatile compounds in the 
samples. The maximum degradation rate for lignocellulosic feedstocks occurs at 330-370 
oC indicating that the decomposition of cellulose dominates the sample. Among the 
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lignocellulosic biomass samples sawdust was found to have the highest cellulose content 
which can be seen from the relative intensities of the peaks. There is some indication of 
lignin from the smaller DTG peaks between 450-500 oC and 620-730 oC; lignin is more 
stable and has wider degradation temperature of 280-500 oC and 175-800 oC.32 According 
to the DTG, the lignin content of newspaper was much higher compared to the cornstalk 
or sawdust. The degradation of WAS occurred at two stages: thermal decomposition of 
proteins and hemicellulose during the first phase (200-370 oC) and thermal 
decomposition of protein and cellulose during the second phase (370-500 oC). The 
intensities of the peaks show that WAS has much lower cellulose and hemicellulose 
content compared to the lignocellulosic biomass. 
6.3.6.2 Thermal Gravimetric Analysis of the Bio-Oils 
The TG and DTG graph of the oils are shown in Figure 6.5 and 6.6. Some key parameters 
obtained from the TG/DTG curves, i.e., the initial decomposition, final decomposition 
and peak temperatures and the contents of volatile matters (VM) and fixed carbon (FC) 
are presented in Table 6.7. According to the TG graph there is no substantial difference in 
thermal stability between the bio-oils produced from the mixture of WAS and 
lignocellulosic biomass. However, decomposition of these bio-oils occurred at lower 
temperatures (161-168 oC) compared to the bio-oil from sawdust (212 oC). This result 
indicates that they have lower thermal stability and lower activation energy is needed to 
decompose these oils, which can be explained by the lower lignin content of these oils 
compared to the oil from sawdust. They also have higher volatile matter content (71-
77%) and lower fixed carbon content (22-28%) compared to 59.3% of VM and 40.7% of 
FC for the oil produced from sawdust alone. Since the oil from WAS also shows a very 
high VM content (86.9%), the enhanced VM content of the bio-oils from mixtures is due 
to the synergy of WAS and lignocellulosic biomass. 
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Figure  6.5: TGA curves for the bio-oils 
 
Table  6.7: Decomposition start/peak/end temperatures, volatile matter, and fixed 
carbon of bio-oils 
Oil Ignition temperature ( ௜ܶ) 
Burnout 
temperature ( ௕ܶ) 
DTG peak 
temperature (T୫) VM (wt%) FC (wt%) Ash (wt%) 
BS-WAS 168 883 344 73.1 26.8 0.18 
CS-WAS 161 880 314 77.4 22.4 0.18 
NP-WAS 164 892 250, 380 71.1 28.8 0.08 
BS 212 882 367 59.3 40.7 NG 
WAS 208 890 284, 419 86.9 12.3 0.71 
 
The DTG curve is divided in several stages depending on the rate of weight loss, i.e., 
stage "A" is the dehydration of superficial moisture and vaporization of light 
components, stage "B" is the volatilization and vaporization of low molecular weight 
material, stage "C" is the polymerization and dehydration and the last stage "D" is the 
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char decomposition phase. The stages and temperature ranges are shown in Figure 6.6 a-
c. Since the oils were dried in an oven prior to TGA, stage A exhibited a small peak. For 
BS-WAS and CS-WAS there was a broader range for the volatilization of low molecular 
weight material starting at 100 oC and ending 250-300 oC. The stages B and C for BS-
WAS and CS-WAS are more distinct compared to NP-WAS. The oil from NP-WAS had 
lower amount of lighter components. In stage C polymerization of bio-oils into 
condensed materials such as resin as well as dehydration and condensation of heavy 
fractions occurs upon heating. BS-WAS and CS-WAS showed higher peaks compared to 
NP-WAS indicating that heavier fractions were decomposed for these two oils. The final 
decomposition stage was broader and accompanied by a very big peak for NP-WAS 
showing that more char was produced during the heating of this bio-oil in the previous 
stages.  
 
 
Figure  6.6: TGA curves for the bio-oils from BS-WAS (a), CS-WAS (b) and NP-
WAS (c) 
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TGA data can also be used to estimate the boiling range of heavy oils.35 The boiling point 
distribution of the bio crude oils is is presented in Table 6.8. The weight loss of the 
samples before 110 oC is less than 2 wt% for all the oils, revealing that the drying process 
efficiently removed water. The percentage of components with lower boiling points has 
increased for the mixture of WAS and lignocellulosic biomass compared to sawdust as 
shown in Table 6.8. Around 30-37 % of the bio-oils produced in the presence of WAS 
have boiling points lower than 300 oC, which is significantly higher than that of 19% for 
the bio-oil produced with sawdust alone. This means that addition of WAS has shifted the 
molecular distribution to more volatile compounds. 
 
Table  6.8: Estimated boiling point distribution of bio-oils (%) 
Distillate range 
(oC) 
 Bio-oils 
 BS-WAS CS-WAS NP-WAS Sawdust WAS 
40-110  0.78 1.22 1.19 0.13 0.58 
110-200  8.03 10.56 9.61 3.29 6.09 
200-300  21.82 25.65 23.02 16.41 30.24 
300-400  27.88 24.38 20.65 23.97 28.98 
400-550  10.79 10.71 11.18 11.12 17.40 
550-700  2.19 2.04 3.26 2.97 1.63 
700-800  0.87 1.09 1.01 0.88 0.98 
800-900  0.60 1.57 1.07 0.56 0.95 
 
6.3.7 Energy Balance 
The energy recovery ratio (ER) was defined as the energy produced in the form of bio-oil 
to the energy content of the initial biomass: 
ܧܴ	ሺ%ሻ ൌ ுு௏	௢௙	௕௜௢ି௢௜௟ൈ௠௔௦௦	௢௙	௕௜௢ି௢௜௟ுு௏	௢௙	௧௛௘	௙௘௘ௗൈ௠௔௦௦	௢௙	௙௘௘ௗ ൈ 100     (6.5) 
The energy recovery for HTL of different feedstock was in the range of 54-64% and 
listed in Table 6.9. This indicates that more than half of the energy in the feedstock was 
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recovered in the bio-oil which shows that HTL can successfully convert waste materials 
into higher energy-rich bio-oil with the potential to be used as a renewable energy 
resource. The energy recovery of the bio-oil from sludge increased when sludge was 
mixed with other lignocellulosic biomass indicating the synergy of addition of another 
waste biomass to the sludge. 
 
Table  6.9: Energy recovery from the HTL of different feedstock 
Bio-oil ER (%) 
BS-WAS 64.81 
CS-WAS 57.72 
NP-WAS 62.23 
WAS 54.47 
BS 61.51 
 
6.3.8 Biogas Production from WSP 
The remaining energy from the feedstock could be recovered from the bio-char and WSP 
products after HTL. Since WSP makes the largest fraction of HTL products (yields 
between 48-63% according to Table 6.3), the possibility of energy recovery from this 
waste stream in the form of biogas was examined by doing biochemical methane 
potential (BMP) test on the WSP from BS-WAS.  BMP is an assay to determine the 
potential of a biomass for anaerobic digestion. The WSP sample was first analyzed for 
TOC, chemical oxygen demand (COD), volatile solids (VS) and total solids (TS). The TS 
and VS of the sample were 1.52% and 0.84%, respectively and the TOC and COD were 
16.33 g/l and 41.86 g/l, respectively, making the COD/TOC ratio of 2.5. This ratio shows 
the degree of reduction of carbon compounds as a result of HTL treatment. The pH of the 
WSP was around 5.9 compared to pH 10.5 for the initial feedstock solution. The decrease 
in pH indicates the production of acidic compounds as a result of HTL treatment. Thus 
the pH of WSP was adjusted to 6.6-7.6 before the BMP analysis. Figure 6.7 shows the 
cumulative methane production from WSP per VS (g) added. The BMP result shows a 
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rapid initial methane production (no lag phase), peaking at around 800 mL per g VS 
added after 31 days. Since 50 mL of the WSP was used for the BMP test, the volume of 
produced gas is per 0.816 g of TOC or 2.09 g of COD. The degradability of the sample 
measured based on COD was 46%. 
 
 
Figure  6.7: Biomethane production from WSP through BMP test 
 
Water-soluble products are the largest fraction of by-products from the hydrothermal 
liquefaction process. Using this by-product directly from the co-liquefaction process 
without any further treatment to produce biogas is a novel process originated in this 
research. The results show that considerable amount of biogas can be produced from this 
by-product, making the co-production of biogas and bio-oil feasible. The produced 
biogas can be used to generate electricity and heat. 
6.4 Conclusions 
A comprehensive study on the effects of feedstock type on HTL products yields and 
distribution, and characterization was conducted. Three types of lignocellulosic waste 
0
100
200
300
400
500
600
700
800
900
0 5 10 15 20 25 30
Cu
mu
lati
ve 
 CH
4  
mL
/ g
 VS
 ad
ded
Time (d)
183 
 
biomass (birchwood sawdust (BS), waste newspaper (NP) and cornstalk (CS)) were 
mixed with waste activated sludge (WAS) and converted to bio-oil at 310 oC, 10 min 
reaction time and 10 wt% solid concentration. The major conclusions of this work may 
be summarized as follows: 
 The BS-WAS and CS-WAS produced the highest amount of bio-oil (33.7 and 34.2 
wt%) with the CS-WAS resulting in the lowest solid residue production (6.4 wt%) and 
consequently the highest conversion rate (93.6 %). 
 The molecular weight of the bio-oils significantly improved (448-562 g/mol) 
compared to the bio-oil from sawdust (856 g/mol) indicating the synergy of WAS and 
lignocellulosic biomass resulting in the presence of lighter components in the bio-oils. 
 The Van Krevelen diagram showed that the type of feedstock had a great influence on 
H/C and O/C molar ratios of bio-oils. Bio-oils from co-feeding presented lower H/C 
and O/C ratios suggesting the occurrence of dehydrogenation and deoxygenation 
reactions. 
 The FT-IR analysis of the oils was similar regardless of the feedstock type. However, 
the intensities of the peaks were different showing the relative quantities of the 
compounds. The bio-oil from sawdust had higher intensity for the peaks related to 
aromatic rings and its derivatives. 
 The major fraction of the bio-oils from BS-WAS and NP-WAS were nitrogenous 
compounds, fatty acids and phenols, whereas the bio-oil from CS-WAS was mostly 
composed of esters followed by fatty acids and nitrogenous compounds. Comparing 
the components of these oils with the oil from sawdust, showed that the oil produced 
in presence of WAS has much less phenolic compounds, considerably higher amounts 
of esters, fatty acids and nitrogenous compounds. 
 Thermal gravimetric analysis of the bio-oils was almost similar for BS-WAS, NP-
WAS and CS-WAS with more char production for NP-WAS during the heating of this 
bio-oil according to DTG graphs. However, all three bio-oils had higher volatile 
matter content and lower fixed carbon compared to the bio-oil produced from sawdust. 
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They also showed lower thermal stability and consequently lower required activation 
energy for decomposition. The boiling point analysis of these oils indicated the 
presence of 30-37% low molecular weight compounds (< 300 oC) compared to only 
19% in the oil produced with sawdust which resulted in a significant lower molecular 
weight of these oils. 
 The WSP can be used to produce biogas through anaerobic digestion. The BMP test 
showed that 800 mL bio-methane was produced cumulatively in 30 days per 0.816 g 
of TOC or 2.09 g of COD of water-soluble products. 
Based on the results it can be concluded that co-conversion of waste activated sludge and 
other waste biomass is a beneficial method for converting two types of waste materials 
into value-added products such as biogas and bio-oil at the same time with the advantage 
of producing higher quality bio-oil compared to lignocellulosic biomass. 
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Chapter 7  
 
7 Hydrothermal Liquefaction of Waste Activated Sludge to 
Bio-oil Using a Continuous Flow Reactor: Experiments 
and Process Simulation Using Aspen Plus 
 
Abstract 
This work presents experimental and Aspen simulation results on hydrothermal 
liquefaction (HTL) of waste activated sludge (WAS) and co-feed of WAS and a woody 
biomass (rubber wood sawdust) in water-ethanol solvent (containing up to 30 wt% 
ethanol) in a continuous flow reactor. The continuous flow process with the (0.15:1, w/w) 
wood and sludge mixture at 310 oC, 10 min hydraulic retention time and 12 wt% 
substrate concentration, produced a yield of 32 wt% bio-oil (dry ash-free basis). 
Comparison of the oil yields in the continuous flow reactor with those from a batch 
reactor showed a slight decrease in the yields. The HTL in water-ethanol mixed solvent 
led to a higher yield of bio-oil with a lower molecular weight, compared to the oil 
produced in water alone. HTL bio-oil from WAS had high percentages of alcohols, amine 
and esters. The oil from (WAS + wood) were found to be rich in phenols, attributed to the 
degraded lignin in the woody biomass. Thermal gravimetric analysis of bio-oils showed 
higher volatile matters (VM) content (approx. 90 w%) from WAS than that from the co-
feed of (WAS + wood) (VM content of approx. 78 wt%). Energy and mass balance 
calculations for the HTL process were performed using Aspen Plus software and the 
experimental results. Based on the simulation results, the energy requirements of the HTL 
process using co-feed of sludge and wood is slightly lower than that of the HTL of WAS 
alone. The energy demand of an HTL process could be partly compensated by utilizing 
the HTL by-products (e.g., char or solid residue). 
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feeding, Continuous-flow reactor, Ethanol –water mixed solvent, Simulation. 
7.1 Introduction 
Hydrothermal liquefaction (HTL) is a promising technology for conversion of waste 
biomass with high moisture content into liquid biofuels. HTL utilizes water as the 
reaction medium mostly in subcritical or near critical conditions (T < 374 oC and P < 22.1 
MPa), eliminating the need to dewater/dry biomass which can be a major energy input for 
biofuel production via other processes such as pyrolysis or gasification.1 The remarkable 
properties of water at elevated temperatures and pressure, such as reduced dielectric 
constant and increased ionic product, could play important roles as a solvent in biomass 
liquefaction. The main products of HTL are bio-crude oil (or simply bio-oil), water-
soluble products (WSP), char, and gases. 
The HTL process was first investigated by Berl in 1940s, when conversion of cornstalks, 
corn cobs, sugar cane, bagasse, seaweed, algae, sawdust, Irish moss, molasses, sorghum, 
and grasses into petroleum-like products was reported.2 More recently, HTL of biomass 
at various operating conditions, such as temperature, pressure, residence time, 
atmosphere and catalyst, etc., has been widely reported in literature.3–12 
A bench scale study of HTL of dairy manure was reported by Theegala and Midgett in 
the presence of sodium carbonate (Na2CO3) as a catalyst. The process was operated at 
250-350 oC, 5.1-20.5 MPa and a retention time of 15 min using carbon monoxide as the 
process gas to pressurize the reactor. The maximum bio-oil yield was 24 wt% (dry basis) 
at 350 oC with a mixture of 20 g dry manure and 80 ml de-ionized water (corresponding 
to a substrate concentration of 20 wt%) as the feedstock in the presence of 1g catalyst. 
The 24 wt% (dry basis) yield of bio-oil however corresponded to 67.6% of energy 
contained in the raw manure.2 In another study by Yin et al. HTL of cattle manure in the 
presence of NaOH catalyst, effects of reaction temperature, process gas, initial reactor 
pressure, residence time and mass ratio of cattle manure to water on bio-oil production 
were investigated. Higher initial reactor pressure, longer residence time and larger mass 
ratios of cattle manure to water were found to have negative impacts on bio-oil yield, due 
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to conversion of bio-oil to gases and char under these conditions. It was observed that the 
bio-oil yield was highly dependent on reaction temperature and process gas. The 
maximum bio-oil yield, 48.78 wt.% calculated based on the volatile matter content of the 
manure feedstock, was obtained at 310 oC and 15 min in presence of CO as the process 
gas (0.1 MPa cold pressure) and with a cattle manure–to-water mass ratio of 0.25:1.13 
Organic solvents such as ethanol and acetone had also been applied either as a solvent or 
co-solvent in the biomass liquefaction. Liu and Zhang14 compared the effects of water, 
ethanol and acetone in liquefaction of pinewood at various temperatures in the range of 
250-450 oC for a fixed reaction time of 20 min. The results showed that the products 
distribution and composition were greatly affected by the solvent type, e.g., acetone gave 
the highest biomass conversion, while the highest oil yield of 26.5% was obtained with 
ethanol at 200 oC.14 Cheng et al.8 demonstrated that mixed solvents using alcohol and 
water performed better than individual solvents. For example more than 95% biomass 
conversion and a bio-oil yield as high as 65% were obtained from HTL of woody 
biomass at 300 oC, 15 min with a mixed solvent of water-ethanol (1:1 w/w) or methanol-
water (1:1 w/w).8 
Conversion of wastewater sludge into bio-oil through HTL has also been reported in 
literature as an emerging technology for sludge treatment for energy recovery. Sludge 
usually has very high water content (> 90% on wet mass basis). Thus, it is costly to 
dewater sludge into solids of appropriate moisture levels (usually 20-40 wt%) to meet the 
requirements of landfill or incineration for sludge disposal.15 HTL being advantageous 
for direct conversion of wet biomass into bio-oil can thus be a suitable and promising 
alternative for sludge treatment. To the best of the author’s knowledge, HTL of 
wastewater sludge was first reported by Kranich and Eralp in 198416 when sewage sludge 
was converted to oil by HTL at different temperatures in presence of hydrogen and a 
catalyst such as Na2CO3, NiCO3, and Na2MnO4 with oil yields less than 20 wt%.15,16 
More recently, HTL of digested anaerobic sludge, Spirulina algae and swine manure was 
conducted at 300 oC for 30 min1 and the results were compared. The sludge which was 
mainly composed of cellulose and lignin resulted in 9.4 wt% bio-oil containing high 
percentages of ester, phenolic and nitrogenous compounds. The bio-oil derived from 
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sludge also had the highest amount of high boiling point compounds with highest 
molecular weight (1870 g/mol), compared to the bio-oils from manure and algae. In 
another study, Huang et al. investigated HTL of sewage sludge, containing 33.6% 
protein, 20.3% carbohydraters, 6.9% lipids and 39.2% ash. The bio-oil yield was reported 
to be 49.6% at 350 oC and 20 min, accompanied by a large yield of char (45.73%), due to 
the high proteins and carbohydrates contents of the sludge.17 
So far, most of the HTL experiments have been performed in batch reactors with very 
few studies conducted in continuous flow reactors. An early continuous process to 
produce bio-oil from sludge was patented as STORS (Sludge to Oil Reactor System) by 
Battelle Memorial Institute in the U.S in 1986.18–20 The process was carried out at 300 oC, 
10 MPa and 90 min hydraulic retention time for a sludge feed with initial substrate 
concentration of 20 wt% and Na2CO3 as a catalyst. The oil yields ranged from 10-20 wt% 
and char yields from 5-30 wt%.19,20 More recently, Itoh et al. reported a 5t/d 
demonstration plant operating at 300 oC using dewatered sludge as the feedstock. The 
heavy oil yield was reported to be 47.9%, accounting for about half of the organic matters 
in the sludge converted. The oils were separated from the reaction mixture by high 
pressure distillation. The heating values of the heavy oils were reported to be 37-39 
MJ/kg.21 The use of co-solvents (mixture of water and n-heptane/toluene/anisole) in a 
continuous pilot plant was reported by He et al. for HTL of microalgae at the temperature 
range of 300-350 oC, 3-5 min and aqueous slurry concentration of 2-5 wt%. They found 
minor effects of a co-solvent on the oil yield and composition. The bio-oil yields were in 
the range of 12-24%.22 However, the presence of a co-solvent in water resulted in a slight 
increase in the oxygen content of the bio-oil with enhanced carbon recovery. 
Although continuous flow operations are more desirable for large scale industrial and 
commercial production, not many studies on continuous HTL of biomass are available in 
open literature. In the present study, HTL of waste activated sludge (WAS) was 
performed in a novel proprietary continuous-flow reactor. The operating conditions such 
as reaction temperature, hydraulic retention time and catalyst are chosen based on a 
previous optimization study (presented in Chapter 5) and a catalyst screening study by 
the authors.23 The continuous experiments were performed in mixed solvent of water-
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ethanol as the reaction medium, where the ethanol co-solvent was used for in-situ 
extraction of the bio-oil product into the organic phase.8 The products distribution and 
yields were compared with those obtained in batch HTL operations under the same 
conditions. HTL conversion of a co-feed of rubber wood sawdust and WAS was also 
studied. To the best of our knowledge, continuous HTL operation with mixtures of sludge 
and lignocellulosic biomass has not been reported so far. Furthermore, the experimental 
data from the continuous reactor system were used to simulate the continuous-flow HTL 
process using Aspen Plus software in order to assess the mass and energy balances of the 
process. Characterization of the bio-oil products was conducted using GPC, FTIR, TGA 
and GC-MS analyses. 
7.2 Materials and Methods 
7.2.1 Materials 
Rubber wood sawdust was supplied from a local lumber mill in London Ontario and 
milled into particles less than 70 mesh (< 212 µm). Waste activated sludge (WAS) was 
collected from Adelaide Pollution Control Plant, London, Ontario. The WAS samples 
were taken from rotary drum thickeners and stored at 4 oC prior to the experiments. The 
proximate and ultimate analyses results of the WAS and wood samples are given in Table 
7.1. Sodium carboxymethyl cellulose (CMC) and potassium hydroxide (KOH) were 
purchased from Sigma-Aldrich and used as received. 
Ethanol (denatured, 46.07% ethanol/31.04% methanol) and A.C.S. reagent-grade acetone 
(used as reactor rinsing/washing solvent for product recovery) were purchased from 
Caledon Laboratory Chemicals and used as received. 
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Table  7.1: Proximate and ultimate analyses of the feedstocks 
Parameter Rubber wood sawdust WAS 
Proximate analysis   
Volatile matter (VM)a,b (wt%) 85.26 62.24 
Fixed carbon (FC)a,b (wt%) 11.61 14.09 
Asha,b (wt%) 3.13 23.67 
Moisture (wt%) 6.94 96.10 
pH - 7.76 
Ultimate analysisa   
C (wt%) 45.55 38.04 
H (wt%) 6.26 5.23 
N (wt%) 1.28 7.20 
S (wt%) 0.09 0.75 
Oc (wt%) 43.69 25.11 
H/C 1.65 1.65 
N/C 0.02 0.16 
O/C 0.72 0.50 
HHVd (MJ/kg) 16.55 15.84 
f- On a dry basis 
g- Determined by TGA at 800 oC in nitrogen and air atmosphere 
h- Calculated by difference (100% - C% - H% - N% -S%-Ash%)  
i- Higher Heating Value (HHV) calculated by Dulong formula, i.e., HHV (MJ/kg) =0.3383C+1.422(H-O/8) 
 
The proximate analysis of the feedstocks shows that rubber wood has a higher content 
(on a dry weight basis) of volatile matter (85.26%) and lower content of fixed carbon 
(11.61%) compared to WAS. The organic matter of wood is mostly comprised of lignin, 
cellulose and hemicelluloses, while it is mostly comprised of proteins, lipids and 
carbohydrates for WAS. The content of ash in WAS is as high as 23.67 % compared to 
the very low amount of ash for wood (3.13 %). According to the ultimate analysis, WAS 
also has much higher nitrogen and sulfur contents compared to wood, due to the presence 
of a high content of proteins. 
7.2.2 Experimental Setup 
A novel continuous-flow reactor system was designed and constructed to perform the 
continuous HTL experiments. A schematic diagram of this experimental setup is shown 
in Figure 7.1. The main parts of the system include a 5/8-inch and 15 cm SS316L tubular 
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reactor (with a total reaction volume of 18.6 cm3), two piston feeders (Parker piston 
accumulator, 29 in3 volume), feed tank, HPLC pump (Eldex ReciPro Optos Series, Model 
2SM), pre-heater (Omega electric cylindrical heater, CRFC Series), heater, shell and tube 
cooler, gas-liquid separation vessels (Swagelok 316L SS, DOT-3A 5000 sample cylinder, 
500 mL volume) and back pressure regulator (Swagelok K Series). The HTL experiments 
were carried out at fixed operating conditions: 310 oC, 152 bars, and 10 min hydraulic 
retention time, selected based on previous studies in batch reactors. The initial tests were 
performed without addition of ethanol as a co-solvent. In these initial experiments 
however only WSP was collected from the separation vessels and the bio-oil products 
were found to adhere mainly to the reactor walls, which eventually resulted in clogging 
of the reactor. Such problem could be prevented when ethanol was used as a co-solvent in 
water for in-situ extraction of bio-oil or reaction intermediates by the solvent. The 
feedstock was prepared by mixing 1000 g of sludge, 1.4 g KOH (5 wt% of substrate on a 
dry, ash-free basis) and 111 g ethanol (10 wt% with respect to the total weight of reaction 
mixture including ethanol and WAS). The feed had 2.67 wt% ash-free solids 
concentration. In the experiments with co-feed of wood sawdust and WAS at a mass ratio 
of 0.15:1 (w/w), the amount of ethanol was increased to 30 wt% of the reaction mixture. 
To facilitate pumping the co-feed of WAS and wood sawdust with high solids 
concentration, CMC was added to the feedstock slurry at an amount of 3 wt% of the total 
reaction mixture to obtain a uniform suspension. Since the sludge used in this study 
already has high moisture content (> 96%), no external water was added as in all 
experiments. The feed tank was charged with the prepared slurry, and it was filled into 
the piston feeders using compressed air. The feed was then injected into the reactor 
system by pumping using a piston feeder driven by high-pressure water supplied from the 
HPLC pump. The whole reactor system was pressurized using nitrogen and maintained at 
152 bars with a back pressure regulator. The reactor was heated to and maintained at the 
desired reaction temperature with two electric heaters. The feed was heated to 200 oC by 
the pre-heater, thereafter it was heated by the main heater to 310 oC inside the reactor. 
The hydraulic retention time inside the reactor was adjusted to 10 min by maintaining the 
pump speed at1.86 ml/min, taking into account the reactor volume. The system was given 
enough time (approximately 2 hrs) to reach the desired temperature and steady-state 
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operation. Considering the reactor and pre-heater volume and feed flowrate as well as the 
temperature difference of 285 oC (310 oC - 25 oC) the heating rate of the reactor was 
approximately 16.5 oC/min. The feed from the first piston feeder was used for the process 
stabilization and the effluent was collected in the first separation vessel. Once the 
operating conditions were stabilized, the piston feeders were switched to feed the reactor 
from the other piston feeder. The HTL reaction under steady state lasted approx. four 
hours and the products were collected in the second separation vessel. The produced gas 
was separated from the top of the separation vessel and a gas sample was collected in a 
gas bag for GC-TCD analysis, and the solid/liquid products were collected from the 
bottom of the separation vessel. 
The batch experiments were performed in a 500 mL stirred reactor (Parr 4590 Micro 
Bench top reactor). The specifications and the operating procedure for the batch reactor 
have been described elsewhere.23 In the batch experiments, 350 g of sludge, 0.51 g KOH 
(5 wt% of substrate on a dry, ash-free basis) as a catalyst and 38 g ethanol (10 wt% of the 
total weight of ethanol and WAS mixture), corresponding to 2.67 wt% ash-free solid 
concentration were used as reactor feed. The operating conditions such as pressure, 
temperature and reaction time were same as those in the continuous-flow reactor. 
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Figure  7.1: Schematic diagram of the continuous-flow reactor for sludge HTL operations 
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7.2.3 Products Separation Procedure 
Figure 7.2 shows the procedure used for separating the products, i.e., bio-oil, water-
soluble products (WSP), solid residue (SR) and gas. The gas collected in a 1.0 L gasbag 
was analyzed using a GC-TCD (Agilent Micro-GC 3000), when 120 mL air was injected 
into the gasbag as an internal standard. The solid/liquid products collected from the 
separation vessel were rinsed with acetone and the resulting suspension was filtered 
under vacuum through pre-weighed VWR No. 415 filter paper. The separated solids were 
then oven dried at 105 oC overnight to a constant weight to determine the yield of solid 
residue (SR) and biomass conversion. The acetone and ethanol in the filtrate were then 
removed in a rotary evaporator under reduced pressure at 50 oC. The remaining solution 
was extracted with ethyl acetate using a separatory funnel to separate bio-oil from water-
soluble products (WSP). The ethyl acetate-soluble phase was treated in the rotary 
evaporator under reduced pressure to remove ethyl acetate at 55oC, and the dark color 
product left was weighed and designated as bio-oil. 
 
 
Figure  7.2: Separation procedure for HTL products 
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The yields of the HTL products are then calculated based on dry, ash-free (daf) initial 
biomass as following: 
ܻ݈݅݁݀	݋݂	ܤ݅݋	݋݈݅	ሺݓݐ%ሻ ൌ ௠್	ሺ௚ሻ௠೑೚	ቀ ೘೗೘೔೙ቁൈ௖೑ሺ ೒೘೗ሻൈ௧ሺ௠௜௡ሻ ൈ 100    (7.1) 
ܻ݈݅݁݀	݋݂	ܴܵ	ሺݓݐ%ሻ ൌ ௠ೄೃ	ሺ௚ሻ௠೑೚	ቀ ೘೗೘೔೙ቁൈ௖೑ሺ ೒೘೗ሻൈ௧ሺ௠௜௡ሻ ൈ 100     (7.2) 
ܻ݈݅݁݀	݋݂	ܩܽݏ	ሺݓݐ%ሻ ൌ ௠೒	ሺ௚ሻ௠೑೚	ቀ ೘೗೘೔೙ቁൈ௖೑ሺ ೒೘೗ሻൈ௧ሺ௠௜௡ሻ ൈ 100    (7.3) 
ܻ݈݅݁݀	݋݂	ܹܵܲ	ሺݓݐ%ሻ ൌ 100 െ ሺܻ݈݅݁݀	݋݂	ܾ݅݋	݋݈݅ ൅ ܻ݈݅݁݀	݋݂	݃ܽݏ ൅ ܻ݈݅݁݀	݋݂	ܴܵሻ (7.4) 
Where ݉௕ is the mass of bio-oil, ݉௙௢ is the mass flowrate of the feed (1.86 ml/min), ௙ܿ is 
the concentration of dry, ash-free (daf) solids in the feed, t is the reaction time inside the 
reactor, ݉ௌோ is the daf mass of solid residue and ݉௚ is the mass of produced gas. Similar 
procedure for determination of the products yields were employed for the batch 
operations, as described in details earlier.23 
7.2.4 Feedstocks and Products Analyses 
Elemental analysis of the feedstocks and bio-oil as well as SR products was performed on 
a Flash EA 1112 analyzer, employing 2,5-Bis (5-tert-butyl-benzoxazol-2-yl) thiophene 
(BBOT) as the calibration standard. The composition of the oxygen was estimated by 
difference. Heating values of the feedstocks and bio-oils were estimated with the 
Dulong’s formula (HHV = 0.3383C + 1.422(H - O/8)), where C, H, and O are the mass 
percentages (on a dry basis) of carbon, hydrogen and oxygen, respectively.1 
The compositions of gaseous products were determined using a GC-TCD. The mass of 
produced gas was calculated based on the total volume of the gas and vol% of each 
gaseous component from GC-TCD analysis, assuming ideal gas law. 
Thermal gravimetric (TGA) analysis, volatile matter (VM), fixed carbon (FC) and ash 
contents were determined by PerkinElmer Pyris 1 TGA in a nitrogen and air atmosphere 
with the gas flow rate of 20 mL min-1. The pre-dried samples were further oven dried at 
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60 oC for an hour before the analysis. The sample was then heated from 40 oC to 800 oC 
under N2 atmosphere with a heating rate of 10 oC min-1 and the weight loss (TG) and the 
rate of weight loss (DTG) of the sample were recorded continuously. The gas was then 
switched to air to combust the sample at 800 oC for 20 minutes to determine the fixed 
carbon (FC) and ash contents. 
The Fourier transform infrared spectrometer (FT-IR) analyses for the feedstocks and the 
bio-oils were conducted on a PerkinElmer FT-IR spectrometer and the spectra were 
recorded in the region of 4000-550 cm-1. 
The volatile composition of the bio-oil products was analyzed with a gas chromatograph-
mass spectrometer [GC-MS, Agilent Technologies, 5977A MSD) with a SHRXI -5MS 
column (30 m × 250 m × 0.25 m) and a temperature program of 60 oC (hold for 2 min) 
→ 120 oC (10 oC/min) → 280 oC (8 oC /min, hold for 5 min)]. The samples were diluted 
to 1% (g/g) with acetone and filtered (pore size 0.45 µm) to remove particles before 
analysis. 1 µl sample was injected to the GC column with a split ratio of 10:1. 
Compounds in the oil were identified by means of the NIST Library (2011). 
The average molecular weights and polydispersity index (PDI) of the bio-oil products 
were analyzed by Waters Breeze gel permeation chromatography (GPC) instrument 
(1525 binary pump, UV detector set at 270 nm, Waters Styragel HR1 column at 40 oC) 
using THF as the eluent at a flow rate of 1 mL/min with linear polystyrene standards for 
the molecular weight calibration curve. The average molecular weights were then 
obtained from the GPC measurements. 
For better accuracy (than the TGA method), the moisture content and ash contents of the 
feedstocks were determined based on ASTM E1756-08 (drying the samples at 105 oC for 
at least 12 hours) and ASTM E1755-1 (heating the samples at 575 oC in air for three 
hours), respectively. 
The pH of WAS sample was determined using a pH probe of SI Analytics potentiometric 
titrator. 
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7.2.5 Process Simulation  
Aspen Plus V 11.1 was used for simulation of the continuous-flow HTL process. The 
Soave-Redlich-Kwong (SRK) cubic equation of state was used for all thermodynamic 
properties based on previous studies.24 The WSP was modeled as the mixture of water 
and water-dissolved organics (WDO). The sludge, wood, bio-oil, WDO and solid residue 
(char) were modeled as non-conventional materials using two special models named 
HCOALGEN and DCOALIGT which are designed for coal-derived materials. 
HCOALGEN uses the proximate, ultimate and sulfur analysis to calculate the enthalpy of 
the components. This model uses the Boie correlation, a heat-of-combustion-based 
correlation and the Kirov correlation24 for calculating the heat of combustion, the heat of 
formation and the heat capacity, respectively, and the model assumes the elements to be 
in their standard states (25 oC and 1 bar). DCOALIGT uses the ultimate and sulfur 
analysis for modeling the density of the components based on equations from the IGT 
(Institute of Gas Technology).24 The ultimate and proximate data were taken from 
experimental results presented in Table 7.1 for the feedstocks and Table 7.3 for bio-oils 
and chars, respectively. Sulfates present in various components are considered to be 
organic sulfur.  
7.2.5.1 Major Equipments Used for Simulation 
The major equipments used for HTL process simulation are pump, heater, reactor, cooler 
and separator. The specification and operating conditions of each unit operation blocks in 
Aspen is shown in Table 7.2 
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Table  7.2: Specifications of the unit blocks used for process simulation in Aspen 
Equipment in 
HTL 
Unit operation block 
used in Aspen Operating conditions Other specifications 
HPLC pump Centrifuge pump T = 25 
oC 
PDischarge= 152 bar 
Vapour Fraction=0 
Other pump specifications to be 
calculated by the software 
Pre-heater Shell & tube heater T = 200 
oC 
Pressure drop= 0 bar Vapour Fraction=0 
Reactor RYield T = 310 
oC 
P= 152 bar 
Vapour Fraction=0 
Component yields based on 
experimental yields for each 
product shown in Table 7.8 
Cooler Shell & tube heater T = 50 
oC 
Pressure drop= 0 bar Vapour Fraction=0 
Separator Flash2 T = 25 
oC 
P= 1 bar 
Vapour fraction to be calculated by 
the software 
 
The feed line was simulated as the mixture of sludge, wood, ash and ethanol. The amount 
of ethanol added to the feed line in HTL of WAS only and co-feed (WAS + wood) is 10 
wt% and 30 wt% of the total weight of the feed, respectively. The total feedstock feed 
rate was assumed to be around 11.1-11.3 kg/hr. For reactor simulation, ash as well as 
water and ethanol are all considered to be inert in the process. The yields of the products 
in RYield are based on the experimental yields shown in Table 7.8.  
 
7.3 Results and Discussion 
7.3.1 Products Distribution 
The yields of products, percentage conversion and molecular weights of bio-oils from the 
continuous-flow and batch operations are presented in Table 7.3. Since the yields of 
gaseous products in all experiments were minimal (less than 1 wt%), they are not 
included in the rest of discussion. The Micro-GC analysis showed that when ethanol was 
used as a co-solvent, the major portion of the gaseous products was propane followed by 
carbon dioxide and hydrogen. Small amounts of carbon monoxide and methane were 
detected when woody biomass was used as the co-feed with sludge. With water alone as 
the reaction medium, no propane was formed in the gaseous product and the gas was 
composed mainly of carbon monoxide, methane, hydrogen and carbon dioxide. 
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Table  7.3: Products distribution and molecular weight of the bio-oils from HTL of 
WAS in water or water-ethanol mixed solvent in the presence of KOH at 310 oC for 
10 min hydraulic retention time 
Feedstock Concentration
1 
(wt%) Solvent Reactor 
Oil yield1 
(wt%) 
Solid yield1 
(wt%) 
WSP yield 
(wt%) 
Conversion 
(wt%) 
Bio-oil 
Mw (g/mol) 
WAS 2.67 Water/Ethanol Continuous 25.31 + 2.2 0.57 + 0.4 73.97 + 1.8 99.43 + 0.4 339 
WAS 2.67 Water/Ethanol Batch 29.99 6.58 63.28 93.42 329 
WAS2 10 Water Batch 23.11 + 3.8 13.15 + 1.7 63.68 + 5.5 86.8 + 1.7 415 
WAS+ wood 12 Water/Ethanol Continuous 31.90 2.94 64.92 97.06 431 
1 On dry, ash-free basis 
2 Result taken from previous study by the authors (Chapter 6) at the same operating conditions (310 oC, 10 min) 
 
The products’ yields for the feeds with 2.67 wt% solid concentration show that the yield 
of bio-oil in the continuous-flow reactor (25.3 wt%) is slightly lower than that from the 
batch reactor (~30 wt%). This might be due to inevitable product loss in the continuous 
operation as the bio-oil and solids tend to adhere to the flow reactor walls and piping, 
resulting in less bio-oil products collected in the separation vessel. The lower solid 
residue yield in the continuous reactor also confirms that some solids are lost inside the 
flow reactor. The differences in the operation and heating procedure of the feed in these 
two types of reactors might also lead to some differences in products yields. In the 
continuous operations, for instance, when the feed entered the reactor, the reaction 
temperature was already set at the desired temperature. While, in batch operations the 
feedstock was heated gradually from room temperature to the reaction temperature, and 
the period of heating was not considered as the reaction time, whereas the liquefaction 
reaction actually took place during the heating process, which might account for higher 
bio-oil yields in batch operations. Increasing the solid concentration of the feed to 12 
wt% by addition of wood to WAS significantly increased the bio-oil yield to 32 wt%, 
while the solid yield was also increased to around 3 wt% compared to 0.57 wt% with 
WAS. It should be noted that the CMC added to the feedstock might also contribute 
slightly to higher bio-oil production. The produced oils with the co-feed and the mixed 
solvent (water-ethanol) are much more flowable compared to the oils from WAS alone or 
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with water-only medium. The characteristics of these oil products will be further 
discussed in next sections. 
Comparing the products yields from the two batch experiments shows that presence of 
ethanol as a co-solvent in water resulted in a higher bio-oil yield (~30 wt%) compared to 
that with the water-alone medium system (23.11 wt%). The effectiveness of the presence 
of ethanol or methanol as a co-solvent in increasing the bio-oil yield was also reported by 
Cheng et al. in HTL of woody biomass.8 The synergistic effects of alcohol and water on 
biomass liquefaction contributed significantly to increased bio-oil yields and biomass 
conversion, being as high as 65wt% oil yield and more than 95%, respectively at 300 oC 
and 15 min in a batch reactor. The higher oil yields and biomass conversions were 
attributed to the enhanced solvolytic effects of the alcohol co-solvents, as an organic 
solvent with a lower dielectric constant can help better dissolving and stabilising the 
reaction intermediates, leading to higher bio-oil yields.8,22 According to our results in this 
study, the co-solvent also resulted in production of bio-oils of better quality with respect 
to molecular weight, e.g., the bio-oil produced with water/ethanol mixed solvent has Mw 
of 20% lower than that of the bio-oil produced with water-alone medium. The molecular 
weight distribution of the bio-oils presented in Fig. 7.3 also shows that when co-solvent is 
used in the experiments with WAS, higher amounts of low-molecular weight compounds 
are present in bio-oils. Addition of wood to WAS, however, decreased the presence of 
lighter compounds, as already shown in Table 7.3 in terms of higher molecular weight for 
this oil.    
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Figure  7.3: Normalized molecular weight distribution of the bio-oils with mono and 
co-solvents (dashed lines represent the experiments in batch reactor and solid lines 
represent the experiments in continuous reactor) 
 
It should be noted that the solids concentration was different in these two experiments. It 
is well known that higher concentration feeds are preferred for an industrial process from 
the economic perspective. However, for biomass HTL higher solids concentrations have 
reported to restrict the hydrolysis of biomass and result in lower bio-oil yields, 
accompanied by higher solid residues production.15,25 This was also observed in our 
previous study (Chapter 5) in which increasing the solids concentration from 7 to 13 wt% 
led to an increase in solid residue yield from 9.9 to 16.5 wt% at 320 oC and 20 min 
reaction time; Whereas, the oil yield dropped from 33.6 wt% to 31.7 wt%. In Table 7.3, 
comparing the WAS HTL in the batch reactor with different reaction media, higher solids 
production in water-alone medium, i.e. approx. 13 wt%, v.s. approx. 7 wt% in water-
ethanol medium, was likely due to more concentrated feed used in the operation with 
water (10 wt%) compared with that (2.67 wt%) in the experiments with water-ethanol 
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mixed solvent. Thus, the improvement in the oil yield could also be due to the lower 
solids concentration of the feed in the tests with the water-ethanol medium. 
7.3.2 Characterization of the Products  
7.3.2.1 Effects of Feedstock on Elemental Compositions of HTL Products and Energy 
Balance 
The elemental compositions of bio-oils and solid residues are presented in Table 7.4. The 
carbon contents of the bio-oils (63-69 wt%) are much higher than those of the original 
biomass materials (38-45 wt%). As expected, the oxygen contents of the oils are 14-27 
wt%, much lower compared to 25-44 wt% in the feedstocks, resulting in increased HHV 
of the oils. Although the oil from the co-feed of wood and WAS has decreased carbon 
and increased oxygen contents compared to the bio-oil produced from only WAS, leading 
into a lower heating value for this oil (26.4 MJ/kg) compared with 33 MJ/kg for the bio-
oil from WAS. This oil also has much lower nitrogen and sulfur contents than those of 
the oil from WAS. 
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Table  7.4: Elemental compositions of bio-oils and solid residues obtained from HTL of WAS and co-feed of WAS and wood in 
the continuous-flow reactor *  
Feedstock Solvent 
Bio-oils   Solid residues 
C 
(%) 
H 
(%) 
N 
(%) 
S 
(%) 
O 
(%)a 
H/C 
(-) 
O/C 
(-) 
HHV 
(MJ/kg)b 
ER 
(%)  
C 
(%) 
H 
(%) 
N 
(%) 
S 
(%) 
H/C 
(-) 
Ash 
(%) 
O 
(%)a 
WAS+ wood Water/ethanol 62.7 6.9 2.9 0.3 26.8 1.34 0.32 26.4 51.29  58.2 5.6 3.5 0.2 1.15 8.5 24.0 
WAS Water/ethanol 69.2 8.8 6.8 1.0 14.2 1.53 0.15 33.4 53.09  11.6 2.1 1.7 0.7 2.16 79.4 4.5 
*  Operating conditions: 310 oC,10 min, water-ethanol mixed solvent. 
 a  Calculated by difference (100% - C% - H% - N% - S% - Ash%); 
 b Higher Heating Value (HHV) calculated by Dulong formula, i.e., HHV (MJ/kg) = 0.3383C + 1.422(H - O/8) 
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As expected, the H/C molar ratio of the HTL bio-oils (1.34-1.53) is much lower 
compared to the initial H/C ratio of the both feedstocks (1.65 as given in Table 7.1). A 
lower H/C molar ratio indicates the occurring of dehydration reactions in the HTL 
process, or the presence of a high degree of unsaturated structure in the oils. The O/C 
ratio of both HTL bio-oils (0.15-0.32) is also much lower than that of the biomass 
feedstocks (0.5-0.72), suggesting occurrence of deoxygenation (dehydration or 
decarboxylation) of the reaction intermediates during HTL, resulting in the production of 
WSP (including water and water soluble organics) and CO2 in the gaseous products.26 
When compared with that from the WAS HTL, the solid residue from HTL of the co-feed 
of WAS and wood has higher amounts of carbon and hydrogen and lowest ash contents, 
and hence greater HHV (23.4 MJ/kg), making it a suitable solid fuel for heat production. 
The solid residues from the WAS HTL has a high ash content, which accounts for a 
lower heating value of these solid residues and might cause serious corrosion problems in 
the HTL operations. 
The energy recovery ratio (ER) of the bio-oils was defined as the energy produced in the 
form of bio-oil to the energy content of the initial biomass, as presented in Table 7.3: 
ܧܴ	ሺ%ሻ ൌ ுு௏	௢௙	௕௜௢ି௢௜௟ൈ௠௔௦௦	௢௙	௕௜௢ି௢௜௟ுு௏	௢௙	௧௛௘	௙௘௘ௗൈ௠௔௦௦	௢௙	௙௘௘ௗ ൈ 100     (7.5) 
As shown in Table 7.4, the ER of HTL of either WAS or co-feed of WAS and wood was 
calculated to be in the range of 51-53%. This indicates that more than half of the energy 
content of the feedstock could be recovered in the oil phase. Thus, HTL can successfully 
convert waste materials into a more energy-rich bio-fuel product, i.e., bio-oil, with the 
potential to be used as a renewable energy source. 
7.3.2.2 Effects of Feedstock on Volatile Compositions of the Bio-Oils 
The oil products from the continuous-flow HTL of WAS and (WAS+wood) in mixed 
solvent of water-ethanol were characterized by GC-MS for identification of their volatile 
compositions and the results are shown in Table 7.5. 
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Alcohols, amines and esters make the major fraction of the bio-oil (more than 24, 21 and 
19%, respectively) produced from WAS. Small amounts of alkanes and acids were also 
observed in the WAS-derived oil. The oil contained significant amount of nitrogenous 
and unsaturated compounds. Nitrogenous compounds such as 1-methyl-2-pyrrolidinone, 
1-hexadecanamine and indole were likely derived when proteins were degraded as a 
result of hydrothermal liquefaction through decarboxylation and rearrangement of amino 
acids, which might be promoted by the presence of ethanol as a co-solvent. 
When wood was added to the WAS as a co-feed, the produced bio-oil had much different 
composition rich in aromatics/phenolics compounds. Phenolic compounds such as 2,6-
dimethoxy-phenol and 2-methoxy-phenol account for 47% of the total compounds 
detected by GC-MS. The phenols were most likely originated from the degradation of 
lignin of wood by its cleavage of the aryl ether linkages.27 The oil from the co-feed has 
more acids compared to that from only WAS. Other components such as alcohols, 
amines, ketones and esters were also observed in the bio-oil derived from the co-feed, 
while the amount of nitrogenous compounds (originated from proteins) was lower than 
that in the WAS-derived oil, as expected. 
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Table  7.5: Effects of feedstock on volatile compositions of bio-oils from HTL in the 
continuous-flow reactor at 310 oC for 10 min employing water-ethanol mixed 
solvent 
No RT (min) Compound Name 
Relative composition by percent area 
WAS   WAS+ wood  
1 2.019 Cyclotrisiloxane, hexamethyl- 4.33   
2 2.287 Propanoic acid   3.35 
3 3.095 3-Penten-2-one, 4-methyl-   4.53 
4 3.343 Butanoic acid   3.68 
5 3.597 Cyclotetrasiloxane, octamethyl- 5.35   
6 3.983 2-Pentanone, 4-hydroxy-4-methyl- 2.96   
7 5.379 Benzene, 1,2,4-trimethyl-   8.04 
8 6.479 Butanoic acid, 4-hydroxy-   4.55 
9 6.804 2-Cyclopenten-1-one, 3,4-dimethyl-   2.72 
10 7.644 2-Heptynoic acid   4.71 
11 8.032 Propanoic acid, 2-methyl-, ethyl ester   5.94 
12 8.419 Phenol, 2-methoxy-   10.34 
13 8.509 Oleyl alcohol, trifluoroacetate 9.12   
14 9.221 1-Propanamine, N1-methyl-2-methoxy 2.69   
15 9.673 2,5-Pyrrolidinedione, 1-methyl- 8.83   
16 9.745 4-Pyridinol 6.5884  7.34 
17 10.036 2,5-Pyrrolidinedione, 1-ethyl- 5.82   
18 10.379 3-Pyridinol, 6-methyl- 5.89   
19 11.238 Phenol, 4-ethyl-2-methoxy-   4.70 
20 12.708 Indole 3.02   
21 13.179 Phenol, 2,6-dimethoxy-   21.93 
22 13.624 N-[2-Hydroxyethyl]succinimide 5.05   
23 14.018 Indolizine, 3-methyl- 2.61   
24 14.260 Phenol, 2-methoxy-4-(1-propenyl)-   3.84 
25 14.496 Phenol, 4-methoxy-3-(methoxymethyl)-   3.79 
26 15.519 Trimethoxyamphetamine, 2,3,5-   5.30 
27 16.601 2,4-Hexadienedioic acid, 3-methyl-4-propyl-, dimethyl ester, (Z,E)-   2.06 
28 18.287 Phenol, 2,6-dimethoxy-4-(2-propenyl)-   3.18 
29 19.732 Hexadecanoic acid, ethyl ester 11.52   
30 19.859 dl-Alanyl-l-leucine 5.17   
31 19.992 Hexanoic acid, 2-phenylethyl ester 5.62   
32 20.635 Naphthalene, 1,6-dimethyl- 6.67   
33 20.896 2-Pentanamine, N-(1-methylbutyl)- 3.77   
34 21.710 l-Alanine, N-octanoyl-, isobutyl ester 2.72   
35 22.544 3-Azabicyclo[3.2.2]nonane 2.28   
Total area (%) 100  100 
 
7.3.2.3 Effects of Feedstock on Functional Groups of the Bio-Oils 
FT-IR analysis of the bio-oils was performed in the range of 4000-550 cm-1 to identify 
the functional groups. The results for the bio-oils from HTL of WAS and co-feed of 
WAS and wood in the continuous-flow reactor (310 oC for 10 min employing water-
ethanol mixed solvent) are shown in Figure 7.4. Most of the functional groups were 
211 
 
identical although with some differences in the IR peaks intensities. However, some new 
IR signals (suggesting new functional groups) were observed in the oils derived from the 
co-feed containing wood and WAS. 
The broad absorption at 3250 cm-1 was observed in both oils, attributing to the O-H 
stretching, suggesting the presence of alcohols, phenols, carboxylic acids, and water 
residues in the bio-oils. The absorption at 3250 cm-1 can also be attributed to the N-H 
stretch of amines. The bands between 3000 and 2840 cm-1 represent C-H stretching 
vibrations, indicating the presence of alkyl C-H in the oils. The absorbance at 1670 cm-1 
is attributed to the bending vibration of N-H in primary amines, and the band at 1046 cm-
1 can be attributed to the C-N stretch of amines. These peaks are relatively strong in both 
oils, indicating the high percentage of amines in these oils, which was already confirmed 
by the GC-MS analysis (Table 7.5). The pair peaks at 1600 and 1520 cm-1, attributed to 
the C=C ring stretch absorptions, were observed in the bio-oil derived from the (WAS + 
wood) co-feed, indicating the presence of phenolics in the bio-oil as confirmed by the 
GC-MS analysis (Table 7.5). The peaks at 1450 cm-1 and 1370 cm-1 represent the bending 
absorption of methylene and methyl groups, respectively. The bands between 1280 and 
1050 cm-1 can be attributed to C-O stretching vibrations, suggesting the presence of 
phenols or alcohols in the bio-oils. 
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Figure  7.4: FT-IR spectra of bio-oils from HTL of (a) WAS and (b) co-feed of WAS 
and wood in the continuous-flow reactor at 310 oC for 10 min employing water-
ethanol mixed solvent 
 
7.3.2.4 Thermal Gravimetric Analysis  
The TG and DTG graphs of the bio-oils from HTL of WAS and co-feed of WAS and 
wood in the continuous-flow reactor (310 oC for 10 min employing water-ethanol mixed 
solvent) are shown in Figure 7.5. Both bio-oils exhibited similar decomposition curves 
(TGA), but a higher weight loss was observed for the bio-oil from WAS, suggesting a 
higher volatile matters content, compared to that for the oil from the co-feed. Using 
water/ethanol had a positive effect in increasing the volatile matter content of the oil from 
WAS. The fast decomposition temperatures of the bio-oils are 176 oC and 125 oC for the 
oils from WAS and (WAS + wood), respectively. That is, the oil from the co-feed (WAS 
+ wood) has a lower decomposition temperature than the other oil from WAS alone, 
suggesting a lower thermal stability. 
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According to the DTG curves, the decomposition peak temperature, i.e., the temperature 
at which the maximum weight loss occurred, is lower for the bio-oil from (WAS + wood) 
co-feed, suggesting that this oil is lighter. Some key parameters obtained from the 
TGA/DTG curves, i.e., the decomposition start/peak temperatures and the contents of 
volatile matters (VM), fixed carbon (FC) and ash for the both oils are presented in Table 
7.6. As shown in the Table, the oil from WAS has a higher VM content (approx. 90 w%) 
than that from the co-feed of (WAS + wood) (with a VM content of approx. 78 wt%). 
 
   
Figure  7.5: Comparison of the TGA (a) and DTG (b) curves for the bio-oils from 
HTL of WAS and co-feed of WAS and wood in the continuous-flow reactor  
 
Table  7.6: Decomposition start/peak temperatures, volatile matters/fixed carbon/ash 
contents of bio-oils from HTL of WAS and co-feed of WAS and wood in the 
continuous-flow reactor  
Feed Solvent 
Decomposition 
start temperature 
( ௜ܶ) 
Decomposition 
peak temperature 
(T୫) 
VM (wt%) FC (wt%) Ash (wt%) 
WAS Water/ethanol 176 257 90.2 9.8 0 
WAS+wood Water/ethanol 125 190, 335 78.1 21.6 0.28 
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The TGA data can also be used to estimate the boiling range of heavy oils.28 The boiling 
point distribution of the bio-oils was estimated using the above thermal gravimetric 
analysis data and is presented in Table 7.7. The weight loss of the oil samples before 110 
oC is normally attributed to the loss of moisture, which are less than 3.5 wt% for both 
oils. The oils contain a high fraction (48-56 wt%) of compounds having boiling points 
lower than 300 oC. Moreover, it was also found that the presence of ethanol as a co-
solvent in the HTL process decreased the compounds with > 300 oC boiling points, when 
compared with the oils from the HTL process employing water alone medium (results not 
shown). Thus, adding ethanol as a co-solvent for an HTL process could decrease the 
molecular weights and increase the amounts of volatile compounds in the oils. 
 
Table  7.7: Estimated boiling point distribution of bio-oils from HTL of WAS and 
co-feed of WAS and wood in the continuous-flow reactor at 310 oC for 10 min 
employing water-ethanol mixed solvent 
Distillate range 
(oC) 
Boiling point distribution (%) 
WAS WAS + wood 
40-110 1.43 3.29 
110-200 13.76 21.56 
200-300 41.98 26.45 
300-400 24.69 17.08 
400-550 6.52 6.74 
550-700 1.05 1.76 
700-800 0.68 1.14 
 
7.3.3 Simulation of the Continuous-Flow HTL Process on a Small Pilot 
Scale 
Process simulation enables us to estimate the behaviour of the process by using basic 
mass and energy balances, thermodynamic models, chemical equilibrium and the 
interactions between multiple processes in the system.29 In this research, process 
simulation model for a small pilot-scale biomass HTL process in a continuous operation 
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mode was developed with Aspen Plus software. The simplified process flow diagram 
(PFD) of the process is shown in Figure 7.6. The equipments of the system such as 
reactor, pump, heater, cooler and separator are represented by unit operation blocks in the 
model. In this simulation, the operational conditions (e.g., temperature, retention time, 
reaction medium, etc.) were adopted directly from the experimental conditions as 
described in previous sections. Also the yields of the products for reactor simulation are 
based on the yields obtained from the experiments. The detailed products distributions 
used for reactor simulation is shown in Table 7.8.  
First the feedstock slurry is pumped to a pressure of 152 bars and pre-heated to 200 oC by 
the pre-heater. Then it enters the reactor which is operating at 310 oC with a retention 
time of approximately 10 min where the biomass in the feed is converted into products by 
HTL reactions. The product mixture is then cooled to 50 oC after passing the cooler and 
depressurizes to 1 bar and 25 oC in the separation vessel. Gas product is collected from 
the top for GC analysis and the liquid and solid mixtures are collected from the bottom of 
vessel for separation of solids by filtration and evaporation of solvent for bio-oil 
collection. It shall be noted that for simplicity the separation operation for gaseous, solid 
and liquid products is not considered in the model simulation and energy balance 
calculation. 
 
 
Figure  7.6: Process flow diagram of the continuous-flow HTL process on a small 
pilot scale for Aspen simulation 
 
216 
 
Table  7.8: Products Distributions used for reactor simulation in Aspen 
 Value 
Product yieldsa (wt%)  
 WAS WAS+wood 
Bio-oil  25.31 31.90 
Gas  0.15 0.24 
Aqueous (WDO) 73.97 64.92 
Solids  0.57 2.94 
Gas compositionb (wt%)  
H2 0.32 0.04 
CO2 4.63 0 
CO 0 8.72 
Propane 95.05 86.75 
Methane 0 4.49 
    a Dry and ash-free basis 
    b Based on Micro-GC data from the experimental work 
 
The energy and mass flows of the HTL process simulation are listed in Table 7.9 and 
7.10, respectively, and the stream names refer to the names used in the Aspen flowsheet 
illustrated in Figure 7.6. The equipment items used in the process and their total energy 
requirements are listed in Table 7.11. The total energy requirement for the (WAS+wood) 
co-feed HTL (7238.5 W) is slightly lower than that of the WAS only HTL (7827.6 W).  
Part of this energy could be supplied by HTL products such as bio-oil, char and the 
methane produced from the anaerobic digestion (AD) of WSP (as described in the 
previous chapter). The HTL by-products such as bio-char with HHV of 23.4 MJ/kg and 
methane from AD of WSP with HHV of 55.50 MJ/kg could be used to compensate for a 
part of this energy requirement. Carbon balance indicates that 30.5 wt% of the total 
carbon in feed ends up in the aqueous product during HTL of the co-feed of WAS and 
wood. Considering that around 812 mL methane could be produced per 0.816 g carbon in 
the aqueous product of HTL (as shown in the previous chapter), around 430.8 L methane 
will be produced by AD of the aqueous products generated from one-hour operation of 
the HTL process, which provides 15.7 MJ energy per hour. Considering the low energy 
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requirements for AD itself, part of HTL energy demand could be met by using its by-
products (methane from AD of aqueous products and char), which would lead to an 
energy-self-sufficient process. More detailed studies and investigation in future work 
would provide a better understanding of the energy requirements for this process. 
 
Table  7.9: Heat and material balance of the small –pilot-scale HTL process with 
WAS mono-feed and water-ethanol mixed solvent 
 FEED PRE-HEAT TOREAC PRODUCT TO-SEP GAS SOL+LIQ 
Temperature (oC) 25 34.5 200 310 50 25 25 
Pressure (bar) 1 152.69 152.69 152.69 152.69 1 1 
Mass flow (kg/hr) 11.31 11.31 11.31 11.31 11.31 0.01 11.31 
Enthalpy (watt) -45412.8 -45252.1 -43131.8 -41494.2 -45402.2 -1.050 -45402.2 
Mass flow (kg/hr):        
Water 9.81 9.81 9.81 9.81 9.81 Trace 9.813 
Ethanol 1.13 1.13 1.13 1.13 1.13 0.00 1.13 
H2 0 0 0 Trace Trace Trace Trace 
CO2 0 0 0 < 0.001 < 0.001 Trace < 0.001 
Propane 0 0 0 < 0.001 < 0.001 < 0.001 Trace 
Sludge 0.28 0.28 0.28 0 0 0 0 
Char 0 0 0 0.01 0.01 0 0.01 
Bio-oil 0 0 0 0.07 0.07 0 0.07 
WDO 0 0 0 0.20 0.20 0 0.20 
Ash 0.09 0.09 0.09 0.09 0.09 0 0.09 
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Table  7.10: Heat and material balance of the small –pilot-scale HTL process with 
(WAS + wood) co-feed and water-ethanol mixed solvent 
 FEED PRE-HEAT TOREAC PRODUCT TO-SEP GAS SOL+LIQ 
Temperature (oC) 25 35.2 200 310 50 25 25 
Pressure (bar) 1 152.69 152.69 152.69 1 1 1 
Mass flow (kg/hr) 11.08 11.08 11.08 11.08 11.08 0.01 11.08 
Enthalpy (watt) -35473.2 -35324.8 -33437.8 -31717.9 -34085.4 -3.004 -35198.1 
Mass flow (kg/hr):        
Water 6.34 6.34 6.34 6.34 6.34 < 0.001 6.34 
Ethanol 3.20 3.20 3.20 3.20 3.20 0.01 3.20 
H2 0 0 0 Trace Trace Trace Trace 
CO 0 0 0 < 0.001 < 0.001 < 0.001 Trace 
Propane 0 0 0 0.003 0.003 0.002 0.001 
Methane 0 0 0 < 0.001 < 0.001 < 0.001 < 0.001 
Sludge 0.19 0.19 0.19 0 0 0 0 
Wood 1.14 1.14 1.14 0 0 0 0 
Char 0 0 0 0.04 0.04 0 0.04 
Bio-oil 0 0 0 0.42 0.42 0 0.42 
WDO 0 0 0 0.86 0.86 0 0.86 
Ash 0.21 0.21 0.21 0.21 0.21 0 0.21 
 
Table  7.11: Summary of heat duty and electricity requirements for the small –pilot-
scale HTL process with WAS mono-feed and (WAS + wood) co-feed 
Equipment WAS WAS + wood 
Pump (W) 160.7 148.5 
Pre-heater (W) 2120.3 1887.0 
Reactor (W) 1637.6 1719.8 
Cooler (W) -3555.4 -2367.4 
Separator (W) -353.6 -1115.8 
Total (W) 7827.6 7238.5 
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7.4 Conclusions 
This work has demonstrated production of bio-oils from wastewater sludge (WAS) and 
co-feed of WAS and lignocellulosic biomass (wood) on a continuous-flow HTL process 
using water/ethanol mixed-solvent and KOH as homogeneous catalyst at 310 oC, 10 min 
hydraulic retention time and 152 bars. The major conclusions of this work may be 
summarized as follows: 
 HTL of WAS produced 25.3% bio-oil yield and 0.57% solid residue yield. The oil 
yield is slightly lower than that from the same operation in a batch reactor. This might 
be due to the difference in operation procedure of the batch and continuous-flow 
operation modes. 
 HTL of (WAS + wood) co-feed led to increased bio-oil yield (32%) as well as solid 
residue yield (approx. 3%). 
 The presence of ethanol as co-solvent enhanced the bio-oil yield and biomass 
conversion, attributed to the promoted solvolytic liquefaction of biomass as a result of 
reduced dielectric constants of the organic solvent and thus better dissolving and 
stabilizing the reaction intermediates. The bio-oils produced in water-ethanol mixed 
solvent also have better quality with respect to molecular weight. 
 Alcohols, amines and esters make the major fraction of the bio-oil produced from 
WAS. The bio-oil from the co-feed HTL is mostly composed of phenolic compounds 
originated from degradation of the lignin components of wood. 
 Thermal gravimetric analysis showed that the bio-oils produced have high volatile 
matter contents, e.g., the oil from WAS has a VM content (approx. 90 w%) higher 
than that from the co-feed of (WAS + wood) (with a VM content of approx. 78 wt%). 
 Aspen simulation of the mass and energy balance of the process showed that the total 
energy consumption is 7238-7827 W for the HTL process, and the energy 
consumption is slightly lower when co-feed of (WAS + wood) is employed. This 
energy demand could be partially compensated by using the energy of the by-products 
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from the HTL process (e.g., char and methane from AD of aqueous products), which 
could lead to an energy-self-sufficient process. 
 Based on the experimental and simulation results, it can be concluded that co-
conversion of waste activated sludge and lignocellulosic biomass can be successfully 
performed in continuous mode in the presence of mixed solvent of water-ethanol. 
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Chapter 8  
 
8 Conclusions and Recommendations for Future Work 
8.1 General Conclusions 
The aim of this study was to investigate the co-production of biogas and bio-oil from 
high-water-content wastewater sludge through hydrothermal liquefaction (HTL) 
treatments in batch and continuous mode. Low-temperature (40-80 oC) thermal pre-
treatment of different primary and waste activated sludge (WAS) samples was studied to 
examine the relationship between the degree of solubilization and biodegradability of 
wastewater sludge for biogas production. The optimum operating conditions for low 
temperature treatment such as temperature, reaction time and pH were selected based on 
experimental design study on waste activated sludge. High temperature (250-350 oC) 
treatments for bio-oil production were investigated by performing a catalyst screening 
study using birch wood sawdust as model biomass to find a suitable catalyst for enhanced 
bio-oil production. The operating conditions of the high temperature HTL such as 
temperature, reaction time and substrate concentration were optimized by performing 
experimental design study using the mixture of birch wood sawdust and waste activated 
sludge. The optimized operating conditions and the catalyst from the catalyst screening 
study were then used to investigate the effects of using different types of lignocellulosic 
biomass such as birchwood sawdust, cornstalk and waste newspaper as a co-feed with 
WAS on HTL products yields and characterization. The co-conversion of WAS and 
lignocellulosic biomass was then performed in a continuous flow reactor and the effect of 
adding ethanol as co-solvent was studied. The continuous flow process was simulated by 
Aspen Plus software for mass and energy balance calculations. 
The following detailed conclusions could be drawn from this research: 
 Low temperature thermal treatment of sludge showed that higher temperature, longer 
reaction time and alkaline pH were favourable for increased solubilization of organic 
matter in WAS. The optimum operating conditions for maximum COD solubilization 
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was 80 oC, 5 hrs and pH of 10. COD solubilization at these conditions increased by 
20% with a VSS reduction of 44% compared to the untreated sample. Pre-treatment 
resulted in the release of carbohydrates and proteins to the soluble phase. Increase of 
soluble proteins was much higher than the soluble carbohydrates, as protein released 
from both EPS and the cell lysis. The treatments did not affect the functional group of 
the treated samples; however, they resulted in release of nitrogen and sulfur 
components into the soluble phase. 
The treated samples were analyzed for methane production through BMP test, which 
represent anaerobic digestibility of sludge. Modeling of the BMP curve was performed 
to extract the hydrolysis rate coefficient (khyd) and degradability (fd). The hydrolysis 
rate coefficient of the treated samples was between 1.1 and 2.5 times higher than that 
of the untreated sludge. Even for one of the samples it increased more than five times 
compared to the un-treated one. This was attributed to the production of easily 
biodegradable COD as a result of treatments. The ultimate methane yield was not 
significantly affected by the treatment. It is likely that the thermal pretreatment was 
solubilising particulate material which would otherwise been more slowly degradable 
(hence the increase in hydrolysis coefficient). Another possibility is formation of non-
degradable materials during pre-treatments or transformation of these compounds 
from suspended to a soluble form, which adversely affects the digester performance 
and result in lower gas production compared to the control. 
 To screen catalysts for high temperature HTL of biomass in hot-compressed water, 
various catalysts including KOH, FeSO4.7H2O, K2CO3, MgO, synthetic hydrotalcite 
(HT), and ground colemanite (calcium borate mineral) were investigated at 300 oC for 
30 min by using birchwood sawdust as model biomass. Catalysts were found to play 
an important role in HTL and significantly enhanced the yield of bio-oil products. The 
alkaline catalysts (KOH, K2CO3 and colemanite) showed the best performance 
considering the oil yield and solid residue yield. For example, the bio-oil yield with 
KOH was increased to around 40 wt%, more than double the yield of the un-catalyzed 
experiment (~18 wt%). It also reduced the solid residue yield from approx. 33 wt% to 
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12 wt%. Among all catalysts tested, the least active catalysts for bio-oil production 
were FeSO4 and MgO. 
The elemental analysis of the oils revealed that the oxygen contents of the oils were 
greatly reduced compared to that of the original biomass feedstock, leading to 
increased higher heating values. According to FT-IR results, the functional groups in 
all oils produced in the presence or absence of a catalyst were similar. However, the 
type of catalysts strongly affected the chemical composition of bio-oils. With an 
alkaline catalyst (HT or KOH or their mixture), phenol derivatives (of which the main 
phenolic compound is 2-methoxy-phenol) and aliphatic compounds increased 
significantly compared to the oil from the non-catalytic experiment. The oils produced 
in the presence of catalysts had very similar values of Mn (371-383 g/mol), Mw (738-
856 g/mol) and polydispersity index (PDI) (2.0-2.2), which were slightly greater than 
that of the oil without catalyst (Mn = 362 g/mol, Mw = 633 g/mol and PDI = 1.7), 
suggesting that the catalysts promoted certain condensation/polymerization of the 
reaction intermediates during the HTL process. The TGA results implied that all bio-
oils were similar with respect to thermal stability, irrespective of the presence or type 
of catalyst. Among all of the catalysts, KOH had the lowest decomposition peak 
temperature (367 oC), about 20-30 oC less than those of the oils with other catalysts, 
suggesting that the oil obtained with KOH is the lightest among all oils obtained in 
this study. This catalyst was selected for the rest of the experimental works. 
 Experimental design study was conducted to find the optimum operating conditions of 
high temperature HTL with the mixture of sludge and birch wood sawdust as co-feed. 
The co-feeding has the advantage of treating two types of waste biomass at the same 
time and thus has the possibility of enhancing the process economy by increasing the 
substrate concentration. The optimum conditions were found to be 310 oC, 10 min and 
10 wt% solid concentration with a relatively high bio-oil yield (33.7%) and low solid 
production (15.5%). Combining WAS and sawdust produced bio-oils with much lower 
molecular weight (535 g/mol) (hence less viscosity) compared to other bio-oils 
produced from only lignocellulosic biomass or sludge at the same operating 
conditions. 
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 The effects of feedstock type on HTL products yields and characterization were 
investigated by using three types of lignocellullosic waste biomass (birchwood 
sawdust (BS), waste newspaper (NP) and cornstalk (CS)) mixed with WAS at the 
optimized operating conditions in the previous study (310 oC, 10 min reaction time 
and 10 wt% solid concentration). The BS-WAS and CS-WAS produced the highest 
amount of bio-oil (33.7 and 34.2 wt%) with the CS-WAS resulting in the lowest solid 
residue production (6.36 wt%) and consequently the highest conversion rate (93.6 %). 
The molecular weight of the bio-oils significantly improved (448-562 g/mol) 
compared to the bio-oil from lignocellulosic biomass indicating the synergistic effect 
of WAS and lignocellulosic biomass resulting in the presence of lighter components in 
the bio-oils. The Van Krevelen diagram showed that the type of feedstock had a great 
influence on H/C and O/C molar ratios of bio-oils. Bio-oils from co-feeding presented 
lower H/C and O/C ratios suggesting the occurrence of dehydrogenation and 
deoxygenation reactions. The FT-IR analysis of the oils was similar regardless of the 
feedstock type. However, the intensity of the peaks was different showing the relative 
quantities of the compounds. The bio-oil from sawdust had higher intensity for the 
peaks related to aromatic rings and its derivatives. 
The major fraction of the bio-oils from BS-WAS and NP-WAS were nitrogenous 
compounds, fatty acids and phenols, whereas the bio-oil from CS-WAS was mostly 
composed of esters followed by fatty acids and nitrogenous compounds. Comparing 
the components of these oils with the oil from sawdust, showed that the oil produced 
in presence of WAS has much less phenolic compounds, considerably higher amounts 
of esters, fatty acids and nitrogenous compounds. Thermal gravimetric analysis of the 
bio-oils was almost similar for BS-WAS, NP-WAS and CS-WAS with more char 
production for NP-WAS during the heating of this bio-oil according to DTG graphs. 
However, all three bio-oils had higher volatile matter content and lower fixed carbon 
compared to the bio-oil produced from sawdust. They also showed lower thermal 
stability and consequently lower required activation energy for decomposition. The 
boiling point analysis of these oils indicated the presence of 30-37% low molecular 
weight compounds (< 300 oC) compared to only 19% in the oil produced with sawdust 
which resulted in a significant lower molecular weight of these oils. The water-soluble 
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product which is the largest fraction of by-products for this process was examined as 
the possible source for biogas production through anaerobic digestion. The BMP test 
of WSP showed that 800 mL bio-methane was successfully produced cumulatively in 
30 days per 0.816 g of TOC or 2.09 g of COD of the sample, indicating that the by-
product of the HTL process could be used as an energy source.  
 Continuous production of bio-oil from sludge and the mixture of sludge and 
lignocellulosic biomass were performed by using water/ethanol co-solvent and KOH 
as homogeneous catalyst at 310 oC, 10 min hydraulic retention time and 152 bars. 
HTL of WAS produced 25.3% bio-oil yield and 0.57% solid residue yield which were 
slightly lower than the yield from the same operation in a batch reactor. This was 
attributed to the difference in operation procedure of the batch and continuous flow 
processes. By addition of lignocellulosic biomass to the feedstock as a co-feed, bio-oil 
yield increased to 32%. The presence of co-solvent increased the bio-oil yield and 
reaction conversion for WAS HTL due to the enhanced solvolytic liquefaction of 
biomass as a result of reduced dielectric constants of the organic solvent and thus 
better dissolving and stabilizing the reaction intermediates The bio-oils produced with 
co-solvent also had better quality with respect to molecular weight. Alcohols, amines 
and esters make the major fraction of the bio-oil produced from WAS. The bio-oil 
from the co-feed was mostly composed of phenoic compounds due to degradation of 
lignin components of wood. Thermal gravimetric analysis showed that the bio-oils 
produced had high volatile matter content. Simulation and energy balance of the 
process with Aspen Plus revealed that the total energy consumption is 7238-7827 W 
for the HTL process, and the energy consumption is slightly lower when co-feed of 
(WAS + wood) is employed. This energy could be partially compensated by using the 
energy of HTL by-products and thus the process could be energy-self sufficient. 
8.2 Contributions and Novelty 
Based on the results from this research, the main contributions and novelties of the thesis 
are summarized as follows:   
 Co-production of biogas and bio-oil as a novel process for energy recovery from 
sludge 
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 Comprehensive studies on the effects of low-temperature thermal treatments on 
sludge solubilization using different sludge types at short reaction times  
 Comprehensive studies on the effects of different operating conditions such as 
temperature, retention time, feedstock type, initial concentration and solvent on the 
HTL products quality and yield 
 Optimization of reaction conditions using experimental design studies for both low-
temperature and high-temperature range HTL 
 Utilization of the largest fraction of HTL by-products (WSP) for biogas production 
through BMP analysis 
 Co-conversion of wastewater sludge and other lignocellulosic biomass for bio-oil 
production 
 Performing HTL experiments in continuous mode 
 Simulation of the HTL operations for mass and energy balance of the process 
8.3 Recommendations for Future Work 
1. More research on low temperature sludge treatments is needed to figure out the 
detailed nature of the solubilized materials as a result of thermal treatment in order to 
find the main reason for no increase in the final biogas production despite the 
enhanced methane production rate. 
2. Temperature plays an important role in solubilization of sludge organic compounds. 
Evaluation of higher temperature (80-160 oC) treatments on sludge solubilization and 
ultimate methane yield should be carried out. 
3. Co-solvent was found to be effective in increasing the bio-oil yield and enhancing its 
quality. Different organic solvents with various organic to aqueous solvent ratios 
should be tested to find the most effective co-solvent with optimum ratio for the 
maximum bio-oil production. 
4. Kinetic study of the HTL process should be conducted to have a better understanding 
of the generic reaction pathway and products and by-products formation. 
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5. More work should be done with the continuous flow reactor using different types of 
feedstock and different co-solvents. The possibility of increasing the solid 
concentration to around 20-25% without losing the flowability of the slurry should be 
investigated. The operating conditions on the continuous mode such as hydraulic 
retention time and temperature can also be investigated. 
6. More detailed energy consumption calculations as well as techno-economical analysis 
of the whole process should be investigated before its commercialization. 
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